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ON THE STRUCTURE OF HUMIC ACIDS

N. Berkowitz, S. E. Moschopedis and J. C. Wood

Research Council of Alberta
Edmonton, Alberta, Canada

I. Intoduction

About four years ago, the Research Council of Alberta initiated a
series of coordinated, continuing studies from which several important inferences
about the structure of humic acids can now be drawn. The present paper is intended
briefly to review these studies and to outline those features of the humic acid mole-
culée which can, in our view, be formulated with some confidence.

Almost all experimental data cited in the following sections were dupli-
cated by working with humic acids derived from a weathered N. Dakota lignite®,
and a weathered subbituminous coal occurring at Sheemess, Alberta. However,
since these two materials displayed virtually indistinguishable behaviour, no at~
tempt is here made to differentiate between the respective sets of results; and it
is, in fact, tentatively contended that coal-derived humic acids may be regarded
as chemical entities whose main structural features are essentially independent of
their sources of origin.

II. The Molecular Weights of Humic Acids

In view of the then prevailing uncertainty about the size of the humic
acid molecule, the initial study was concentrated upon renewed attempts to deter=

mine significant molecular weights (1). For convenience, a cryoscopic technique

was used for this purpose, but in place of conventional solvents (e.g. acetamide, 2),
sulfolane was employed. This solvent (3) offered several distinct and important
advantages. It possesses an unusually high cryoscopic constant (K = 65.5 degrees -
kg per mole); it affords a ready means for dissolving humic acids and completely
drying the resultant solution; and it appears to eliminate disturbing effects due to
solute association and/or dissociation. Generally ideal behaviour of sulfolane

-.could, for example, be demonstrated by experiments with solutions containing such
“ diverse compounds as benzoic acid, /3-naphthalene sulfonic acid and biphenyl:

in all instances, K proved to be quite independent of solute concentrations over the
molality range 0.01 to 0.10. Direct evidence for the absence of association of
solute molecules in a sulfolane solution could also be obtained from infrared data -
dotably from analysis of the ~COOH and -OH stretching frequencies of simple analog
compounds.

* Commercially marketed as Baroid Carbonox.



Using the sulfolane method with a series of carefully fractionated
humic acids, molecular weights ranging to ca. 10, 000 were recorded (1) and
broadly confirmed by sedimentation velocity measurements.

It is of some interest to note that while molecular weights of the
order of thousands stand in marked contrast to previously reported cryoscopic
data, they are in general agreement with semi-quantitative diffusion measure~
ments reported, inter alia, by Dryden (4).

II. The Disposition of Peripheral Functional Groups

Estimates of the concentrations of functional groups by established
methods (5, 6) yielded results comparable to those reported for humic acids by
other laboratories. Typical values (7) were: -OCH3 1.7, phenolic «OH 2.7,
and -COOH 4.3 milliequivalents per gram. More detailed studies, however,
permitted some refinement of these data and, more important, inferences about
the disposition of certain functional groups around the molecular periphery.
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When solutions of humic acid in sulfolane were heated to 170° - 200°C
under reduced pressure and subsequently examined by infrared spectroscopy, the
intensity of the original carboxyl carbonyl absorption at 1735 cm*=! was found to be
greatly reduced, and two new bands centring at 1850 and 1785 cm~1 were observed
(Figure 1). Since identical absorptions were seen in the infrared spectra of phthalic
and 1,2-naphthalic anhydrides formed in hot sulfolane, these bands were assigned 1
to S-membered ring anhydrides of humic acid, i.e. to simple dehydration products
of the type,

_ COOH . ™~ -C=0 ‘

” - - ” 0+ Hy0
M coon =0

and it was concluded that a substantial number of -COOH groups in the humic

acid molecule occupy mutually adjacent sites. Six- or 7-membered ring anhydrides
could be ruled out because of their infrared absorption at quite different frequencies,
and still larger cyclic anhydrides were discounted by the rather narrow band separauon
generally seen in the spectra of such compounds.

]
4

When, on the other hand, humic acid is refluxed with acetic anhydride,
a more complex situation is created. The intensity of the original ~COOH band is
again greatly reduced, but now at least four new bands (at 1850, 1820, 1785 and
1745 cm”™ ) are found; and the 1785 cm™} band is, compared with the 1850 cm -1
absorption in the same spectrum, substantially more intense than in the spectrum
of humic anhydride formed in hot sulfolane (Figure 1).
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On the assumption that reaction with acetic anhydride forms, among
other products, the same anhydrides as are produced by heating sulfolane
solutions of humic acid, cyclic S-membered ring anhydndes were therefore
now supposed to account for only a part of the 1785 cm™ absorpnon, and a
number of theoretically possible contributing sttuctures were examined. Among
these were cyclic anhydrides of type (I), open chain anhydrides, including mixed an-
hydrides (II), lactones (III), esters (presumably of the phenolic acetate type IV),
and esters and/or anhydrides formed between molecules of humic acid.

1?,
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-c=0 | \/ \C fo) |[
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The results, partly based upon extended experimentation with ex-
haustively methylated, alkali~hydrolyzed humic acid and acetyl analyses (8) led
to the following conclusions(7):

(a) Approximately 80% of all «COOH groups existing in humic acid
occupy sites permitting the formation of cyclic ring anhydrides.

(b) Approximately one~fifth of all «COOH groups form linear mixed
anhydrides when humic acid is reacted with acetic anhydride (but not in suifolane)
and must therefore exist as isolated groups or in odd-numbered groups on adjacent
ring sites.

(c) Of the several, theoretically possible 6~ and 7-membered ring
anhydrides, only anhydrides of the diphenic type (I) are consistent with experi-
mental evidence.

Since a part of the strong 1785 cm™! band in the spectra of humic an~
hydrides formed by reaction with acetic anhydride can also be ascribed to esters —
and in particular to esters of polyfunctional phenols = it is tentatively further
thought possible that a proportion of the total ~OH content of humic acid may occur
‘as groups of 2 or 3 -OH residues on the same ring or condensed aromatic nucleus.
This view is, however, subject to rather severe limitations since ~OH residues
located ortho or para to each other would undoubtedly be converted to quinones by
the conditions under which humic acids form.



IV. Quinone Structures

When humic acid is reacted with diazotized sulfanilic acid, a water-
soluble derivative forms through introduction of -N=N-CgH4-SO3H and/or
-CgH4-SO3H. Both mechanisms, i.e. interaction with phenolic structures or
with quinones, are consistent with infrared spectral evidence in that both would
lead to the new absorptions indicative of the presence of sulfenic_groups which
are observed (Figure 2b); but since the former requires introduction into the humic
acid molecule of two nitrogen atoms per additional sulfur atom (which analysis
shows not to occur to any significant extent), it has been concluded that the domi~
nant reaction involves a free radical attack on quinones at an availablé position.

Proceeding from this recognition, an interesting route to further
elucidation of the structure of humic acid can be developed (9).

Of the two most probable theoretical free radical -mechanisms by which a
-06H4-SO3H group is introduced into the humic acid molecule, one == a Gomberg
reaction - must be ruled out on evidence offered by Gomberg and Pemert (10),
Grieve and Hey (11), and Walling (12). There remain therefore only interactions
of the type

o o)
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from which it follows that humic acid molecules reacting with the diazonium
salt must contain one or more of the basic structures V, VI and VII.
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has been recognized for some years.

Now, the possible existence of these (or similar) entities in humic acid

But more unequivocal information about them

has now been obtained by infrared studies on methylated* and subsequently acetylated
humic acids. Of particular importance was the existence in the spectra of these com-
pounds of a fairly intense absorption band at 1660 cm™1 (Figure 2d), i.e. at the same

frequency at which a wide range of relatively simple quinones (cf. Table I) show a diag-
nostic absorption. If this observation is viewed against the background of polarographic

evidence (13) and x-ray diffraction data (14) — which preclude polycondensed ring
systems of more than 4-5 rings in low and medium rank coals ~ it can be concluded
with reasonable safety that while simple benzoquinones cannot be postulated, possible

structures could include OH-substituted naphthoquinones and anthraquinones as well as

more complex systems containing heterocyclic oxygen.
infrared spectra obtained in these laboratories leads, in short, to the conclusion that
structures VIII and IX appear to be the simplest consistent with presently available

Detailed examination of the

evidence.
Table I.  Carbonyl stretching frequencies of quinones
Frequencies
Compound em-1 Phase
1, 4=Benzoquinone 1665 Mull
1, 2-Benzoquinone 1669 CCly
1, 4=-Naphthoquinone 1662 Mull
1, 2=Naphthoquinone 1678 CCly
Anthraquinone 1671 Mull
9, 10~Phenanthraquinone 1670 Mull
‘Anthrone 1654 Muil
Bianthrone 1657 Mull
Bianthronyl 1656 ‘Mull
Anthanthrone 1650 Mull
Dibenzypyrenequinone 1645 © Mull
3, 8«Pyrenequinone 1636 Mull
3, 10~Pyrenequinone 1640 Muil
Dibenzanthrone 1645 Mull
isoViolanthrone 1646 Mull
Pyranthrone 1642 Mull
Helianthrone 1642 Mull
1,2-Chrysenequinone 1661 Mull
1,2-Benzanthra-9, 10-quinone 1664 Muil
1,2, 3, 4~Dibenzanthraquinone 1662, 1749 Mull
1,2, 5, 6=Dibenzanthraquinone 1652 Mull
3, 10-Perylenequinone 1650 Mull

Initial methylation was designed to block all readily accessible hydroxy groups of
phenols and carboxyls and thereby to avoid interference due to acetate esters and:

anhydrides in the 1800 and 1740 cm™1 regions of the infrared spectra,
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It is, in this connection, noteworthy that estimates of the concentration
of quinones in humic acid (9) by several different techniques yielded values of the
order of 0.8 T 0.2 milliequivalents/gm. The corresponding concentration of
hydrogen~bonded quinones, which was derived from acetyl determinations on the
assumption that each quinonoid oxygen is H~bonded to one phenolic ~OH that can
in turn be acetylated by acetic anhydride, was found to be 0.63 milliequivalent/gm.
‘(and thus it good agreement with previously reported values; 15,16, 17, 18).

An estimate of the carboxyl carbonyl:quinone ratio was obtained from the ¢
relative intensities of the 1660 and 1735 cm ™" absorptions on the assumption that
the relationship between these bands was similar to that prevailing in the infrared
spectrum of 2~(p~carboxyphenyl)=1, 4=-naphthoquinone (which was chosen as a
suitable model compound - Figure 2e). This ratio was found to be 14 as com~
pared with 6 calculated from analytical data. While this discrepancy is large,
it is, in view of the obvious inaccuracies entailed in the estimation via infrared
spectra, not excessive.

With respect to the water=solubility induced in the humic acid derivative :
by reaction with the diazonium salt it might also usefully be noted that this appea:is
only partly to arise from the introduction of sulfonic acid residues; a contributory
factor seems to be cleavage of -=CH,~ bridges and the consequent reduction in mole-
cular size. In support of this view attention is drawn to the identification of formal-
dehyde among the reaction products. The formative step for this would be q

HOAC'CHyAr'OH + 2Ar"NaCl ———— 2HOAr'NpAr" + CH,0

Recent experiments in these laboratories have shown that.coals can
undergo similar reaction with diazotized sulfanilic acid, but that the yield of water=
soluble products decreases rapidly with increasing rank. While a lignite (C = 71%
d.a.f.) showed after two treatments a ca. 80-90 per cent conversion, two subbitu~
minous coals (C = 74 and 80% resp.) yglded after several treatments only about 50
to 70 per cent water~soluble derivatives, and a biturninous coal (C = 87% ) proved
almost wholly unreacted.
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An altemative technique now actively being explored, i.e. sulfo-
methylation (19,20, 21) by means of CHy=0 and NaHSOg3 leading to the addition of
-CH3S0,H to the aromatic nuclei, has been shown to produce analogous results
(and, if anything, to be even more strongly affected by coal rank). It is, however,
considered that yields of water-soluble products obtainable by this reaction, or by
reaction with a diazonium salt, can be 51gn1ficant1y increased by mild preliminary
oxidation of the coal.

V. The Skele;al Structure

From measurements of the viscosities of humic acid solutions it has been
concluded that humic acids may resemble flexible, linear polyelectrolytes (22).
This conclusion, however, is considered untenable since humic acids show surprising
stability in high-intensity ultrasonic fields (23); even prolonged exposure at frequencies
up to 2 mc/s and intensities up to ~10 watts/cm2 have failed to induce molecular
rupture. Since the molecular weights of the test samples exceeded 3,000, i.e. a size
at which linear molecules would degrade, it has, in the light of x=ray diffraction evi-
dence, been postulated that the most probable skeletal structure involves relatively
small (3~-4 condensed ring) aromatic systems interlinked by mixed -O- and -CHj3-
bridge structures. Linkage by -O~ only was ruled out by the fact that pyrolysis of
humic acids yields considerable quantities of tarry matter (and, subsequently, by the
detection of CHy=0 as a by-product of reaction with diazonium salts, cf. above).

To test this general concept in detail, and to develop means for quanti-
tative estimation of -CHy~ and -O~- concentrations, current studies in these laboratories
are directing attention to reactions of humic acid w1th (a) BF3 in phenol, and (b) Na
in liquid ammonia.

Interactions between coal and BF 3=phenol have recently been reported by
Heredy and Neuworth (24) who found 60-80% conversion of a high volatile bituminous
coal into soluble products, presumnably by the rupture of methylene bridges between
aromatic nuclei. We have now observed humic acids to be completely soluble in
this reagent mixture. The reaction appears to be accompanied by considerable mole
cular degradation* and several direct comparisons are possible between Heredy and
Neuworth’s and our results. Thus:

A

(a) A considerable increase in weight results from interaction between
humic acid and BF3-phenol (e.g. from 13.6 to 29.0 gm); this indicates a combined
phenol content of 53.2% which compares with a value of 55.7% reported by Heredy
and Neuworth for one of their fractions.

(b) The reacted, BFg3-phenol~soluble humic acid is, like the soluble coal
fraction (above) of Heredy and Neuworth, soluble in methanol.

* Quite low molecular weight crystalline reaction products have been isolated from
the mixture and tentatively identified by us. Details will be published elsewhere
in due course.




"(c) The phenolic -OH concentration in reacted humic acid amounts to
ca. 5.1 milliequivalents/gm (as compared with 4.3 milliequivalents/gm for the
reacted coal fraction referred to in (2) above).

A particularly noteworthy observation is that the carboxyl groups initially
present in humic acid are completely eliminated by reaction with BF 3~-phenol —
probably as a result of BFg~catalyzed condensation of the type (26):

BF | o .
ArC -PhOH

’ 0
) N
~,, -COOH BF3 ~
“ + PhOH |
~ -COOH - .
T

If a scheme of this form is tentatively accepted, the further assumption
that each -CH,- group reacts with two molecules of phenol leads to the conclusion
that methylene bridges occur in humic acid at the rate of one per every ~200
molecular weight units. An assumption that each -CH,- reacts with a single phenol
molecule (24) would halve this estimate. If it is (quite reasonably) supposed that a
proportion of ~CHj - will survive the oxidation processes by which coal is converted
into humic acid, even the first estimate is in good agreement with a value of ca.
one -~CH2- per every 100 molecular weight units in coal (26).

Ar COOH + PhOH

or

The interest attaching to reactions with sodium in liquid ammonia arises
primarily from the ability of this reagent mixture to cleave aromatic ether linkages
which are, for various reasons, presumed to exist in humic acid (and coal). De-
tailed studies of this aspect in our laboratories are still in their initial stages; but
it is worth noting that while reaction between humic acid and Na-NHj3 leaves 2 sub-
stantial residue of insoluble material, the derivative obtained from reaction with
BF3-phenol becomes completely soluble in acetone. We are tentatively inclined
to the view that this differentiation lends some support to the existence of mixed
-CH;- and =O~ bridges in the parent molecule.
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FIGURE 1. Humic acids and derivatives
(a ; parent humic aclds {sulfolane muil). (c) parent humic acid (Nujol mull)
(b) humic acids heated in sulfola.ne (d) humlic acids treated with boiling
(sulfolane mull). acetic anhydride (Nujol mull).
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, BUMIC ACIDS FROM IEOMARDITE -- A SOIL COFDITIONER
AND ORGAITIC FERTILIZER

Roger W. Youngs and Clyde M. Frost

U. 5. Department of the Interior, Grand Forks
Lignite Research Lsboratory, Bureau of lines,
Grand Forks, N. Dak.

The term “humic acld" was £irst applied in 1826 by Sprengel {(9) to that browa
amorphous precipitate which is obtained ty acidifying the alkall extract of decay=4
organic matter in soil. Since the inception of the term, humic acids have been
extracted not only from soil btut also from peat, brown coal, oxidized bituminous czoal,
and even from artificial materials obtained in the laboratory by action of inorganic
acids or cxidizing agents on carbaohydrates, proteins, and pherols. O0din (8) in
1922 redefined humic acids as yellow-brown to black-brown substances of unknown
constitution, formed in nature by decomposition of organic materials under atmos=-
pheric influence or in the laboratory by chemical action. Humic acids can split off
aydrogen ions and form typical salts with strong bases and usually are insoluble in
wvater, soluble in alkali, and reprecipitated by acid. In general, humic acids are
not chemically uniform substances, but are hydrophilic, reversible colloids with
molecular weights varying from 300 to as high as 10,000 units. Their micelles
carry a negative charge. The alkall solubility of humic acid is due to carboxyl
and phenolic hydroxyl groups which account for about 22 percent of the weight of
the molecule.

Humic acid is an essential part of soil. It is this material, present in good
soil, that fixes niftroger, makes available to the plant, through base exchange, the
soill nutrients, and improves the physical structure of the soil. In recent years,
much research has been conducted, particularly in India, Japan, Cermany, Russia,
and France, on replenishing the depleted hbumic acids of soils with the so-called
"regenerated humic acids” obtained by oxidation of coal. These regenerated acids,
which closely resemble the natural humic acids, have either been added directly
to the soil or first supplemented with plant nutrients. Greerchouse and field tests
have shown that these humic acid preparaticns improve plant yields (3), decrease
loss of moisture from the soil (€), and increase the workability of the soil (2).

As a convenient and commercial source of humic acids, eictensive reserves of
naturally-oxidized lignite occur with virtually all lignite outcrops in lHorth Dakota.
This naturally-oxidized material, which conmtalns up to 86 percent humic acids on a
noisture~-and-ash-free basis, has been given the rame "leonardite,” after A. G.
Leonard, first director of the North Dakota Geologlical Survey, who did much of the
early studies on these deposits (1). Leonardite is a coallike substance similar in
structure to lignite, but significantly different in its oicygen and ash contents.
In Table 1 the ultimate analyses of lignite, leonardite, lignite oxidized with air
in the laboratory at 150° C, and humic acid extracted from leonardite with 1N NaCH
are compared. The ash content of leonardite wvaries from mine to mine but is usually
between 15 and 30 percent on a moisture-free basis.
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TABLE 1. - Anslyses of lignitic materials, percent

Humic acid extracted
Oxidized from leonardite

Leonardite Lignite lignite by 1N NaOH
Ash (mf) 18.7 10.0 10.7 3.9
Hydrogen (maf) 4.0 5.1 2.9 3.4
Carbon (maf) 65.2 2.8 65.4 63.5
Hitrogen (maf) 1.3 1.2 1.4 1.3
zen (maf 26.6 19.9 29.2 31.1
Sulfur- (maf 2.9 1.0 1.1 © 0.7

AMMONIATION OF LEONARDITE

Nitrogen=enriched coal humic fertilizers have received muich erphasis in the
past few years. Recent investligations have indicated thet these products perform
well as conventional fertilizers and release nitrogen more slowly. The main problem
in technology is to develop & product with sufficlently~high nitrogen content (sround
20 pet) which will still remein commercielly corpetitive.

To determine if leonardite could be ammoniated to a product containing sufficient
nitrogen for use as an organic fertilizer, samples were prepared by three different
methods: (l) Ammoniation in an agueous slurry, (2) amwniation in an upward moving
gas stream through & colum of dried leonardite, end (3) armoniation under pressure
of 2,000 psiz at 200° C. The nitrogen analyses of these variously ammoniated
leonardite saimples and the anelysis of an agueously ammoniated humic acid extracted
fron leonardite appear in table 2. The increase of nitrogen content of leonardite,
even under radical conditions, 1s not sufficient for it ta be used as an organic
fertilizer. Tne nitrogen content of the ammoniated humic acid incrsased 2.5 times
over that of the correspondingly ammoniated leonardite sample. The higher ash
content, as well as the l5-percent nonhumic carbonacecus material in the leonardite,
accounts for the decreased reactivity with armonia. Thersfore, to prepare a high=~
nitrogen organic fertilizer, the humic acids would first have to be extracted from
the leonardite.

TABLE 2. - Hitrogen anslyses of veriously ammoniated samples, percent
(Moisture-free basis)

Mathod of ammoniation

Sarmplea . 1 : 2 3
Leonardite 3.87 2,82 11.15
Humic acid 8.13 - -

RECOVERY OF HUMIC ACIDS FROM LEONARDITE

On2 part of the work at this laboratory was to find an insxpensive, rapid method
for obtetming from leonardite bulk quantities of low=-ash humic acids which could be
used in preparing a soil conditloner and hizh-nitrogen-content orgzanic fertilizer.
The hunic acids in leonardits are bound to the ash largely as insoluble calcium
salts. Theraforz, to racover the humic acids requires not only a physical means
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of removing the clay and sand, but also a chemical treatment to displace the calcium
ion. In the past, alkalil extraction of the humic acids with removal of the inmol-
ubles by centrifuging the humate solution was the standard procedure for obtain-
ing low-ash humic acids (5). The alkali extraction process, however, requires

not only fresh alkali for each lot of humic acid prepar=d but also an equivalent
amount of acid to set the humic acid free, both of which are used up in the process.
The large volumes of water, vhich must be used to obtain a low-ash product, plus
the unfilterable nature of the alkali humate solution and acid-precipitated humic
acld, make the alkali extraction of humic acids anattractive, The problem of
eliminating alkall extraction as the method of preparing low-ash humic acids was
approached by two different routes: (1) Removing the ash physically and chemically
from the lecnardite, leaving a carbonaceous product containing around 85 percent
humic acid, and (2) extracting the humfc acid from the leonardite with-an organic
solvent that could be reclaimed for further extractions. :

Float-Sink Process. Figure 1 schematically represents the process that was
used in our experiments. Partially-dried, pulverized leonardite was added to a
separatory fumnel containing CCl, as the dense medium. The float fraction containing
the humic acids was transferred %o a filter, and the CCl4 was removed, The product
was washed first with a dilute H S50, solution, then with warm water. The results of

this experiment appear in table §. A ZnClp solution was tried in place of CCl,, but -

absorption of the solution on the carbonaceous material caused the latter to sink,
resulting in a low yleld of humic material.

TABIE 3. - An examination of the float-sink process, moisture-free basis,
results given in percent

Feed Product Tallings
Ash . Yield Ash Humic Acid Yield Ash
17.7 73.1 3.5 83.0 17.4 56.8

Note - Hot inmcluded in data is loss of water-soluble material.

Flotation Process. The flotation process for ash separation is schematically
depicted in figure 2. The as-received, pulverized leonardite was added to the
flotation cell, which contained a lignite-tar creosote fraction as a frothing agent.
The froth was collected on a filter, and the filter cake was washed with dilute
H?SOU followed by warm water. Results of a typical experiment in this process
appear in table L.,

TABIE 4. - Analysis of the flotatlon process, percent

Feed Product
Yolsture Ash (mf) oisture Asn (mf) = Yis1d {mf)
9.5 18.2 - £.0 11.3 13.6

Organic-Solvent Zxtraction Process. The use of an organic solvent for
extractior of humic acids would be most attractive if the solvent could be reclaimed
by distillation and reused without reaction with or being absorbed on the humic
acids. Polansky and Kinney (7) made an ectensive survey of organic solvents and
solvent mixtures regarding their ability to dispsrse nuwmic acids from nitric acid-
oxldized bituminous coal. They concluded that the most economical and most easily
handled solvent for the commercial extraction of humic acids is a mixture of
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acetone and water. Foukes and Frost (h) showed that an acetone-water solution would
extract humic acids from leonardite provided the leonardite was pretreated with
dilute mineral acid. The amount of humic aclds extractable was directly proportional
to the amount of mineral acid used in the pretreatment. The several preliminary
experiments conducted revealed that the most efficient extraction was accomplished
using one liter of 80-20 acetone-water (percent by volume) and 10 grams of HC1
(basis: hydrogen chloride) per 100 grams of leonardite (moisture-free). Ten grams
of HC1 per 100 grams of leonardite is slightly in excess ov the acid that will be
necessary to replace the calcium ion with hydrogen ions in an average leonardite
sarple. Sulfuric acid was tried in place of HCl as the source for the displacing
H-ions, but the resulting CaSO4, mixed with the humic acids, resulted in an un-
filterable product with a high ash content.. In the first experiments, the mode

of extraction was a countercurrent columm. An acetone-water-HC1 pretreated leonard-
ite slurry was added to the top of the colum while a solution of acetone-water

was forced slowly upward through the slurry. The ylelds of humic acids were good,
but the ash content of the product was high, indicating some carryover of ash.

Later experiments showed that sedimentation of ash and nonhumic cerbonaceous ma=
terial in an acetone-water-HCl solution 1is quite rapid; thus a simple settling tank
replaced the countercurrent colum in the process. A flow diagram of the process
eppears in figure 3. The results of the experiments appear in table 5.

TABLE 5. - Analysis of the acetone-water-HC1l extraction of
hunmic acid from leonardite, moisture-free besis,

percaent

Feed Product Taili
Zsh (mr) Yield (mf) ash (mf) HaOH-soluble (mf) ¥Yield (mf) Ash (mf)

17.8 64.9 1.8 96.8 31.1 38.2
2 o 63.5
H 3.8
Elemental (u 1.0
(mar) (s 0.7
(o 31.0

llote = Not included in data 1s loss of water- and acid-soluble matarial

DISCUSSION

A comparison of the three processes investigated reveals the drawbacks of the
float=-sink and the flotation processes. The float-sink separation requires a non-
polar pedium, carbon tetrachloride, which is absorbed to some extent on the leonardite.
The use of CCly, plus the fact that the leonardite must be partially dried befor=
seperation, makes this process unattractive commercilally. The flotation process did
not produce the desired results. Owing to the low hydrophobilcity of leonerdite, caused
by the large nurber of carboxyl and hydroxyl groups on the micelle's periphery, the
yields of humic acids were low and their ash contents high. Attempts to precondition
the leonardite with a light neutral fraction of coal tar to imerease its hydropho-
bicity failed. Changing the frothing agents several times also gave poor results.

The acetone-water=HCl extraction of humic acids lends itself most favorably to a
cormercidl process. The yield of lowe-ash product is high. The acetone 1s cesily
recovered by distillation at a low terperature, and the loss is very small. Acestone
does not react with, nor is it absorbed on, the mumic acids. The process requires
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simple equipment (a sedimentation setup works quite well), and the insolubles
settle rapidly. The humic acids are easily filtered once the acetone is removed,
and a minimm amount of wash water 1s needed to obtain a low-ash product.
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HUMIC ACIDS FROM SUBBITUMINOUS COAL -
A STUDY OF CONTROLLED DRY OXIDATION

N. Berkowitz, E. J. Jensen and N. Melnyk

Research Council of Alberta
Edmonton, Alberta, Canada

ot e Sman ¥,

During the past few years, advances in humic acid chemistry have
made it increasingly clear that humic acids offer an interesting and fairly direct
route to large-scale chemical utilization of coal, .and several commercial products
containing (or derived from) them are, in fact, already being marketed (1,2, 3).
Despite this progress, however, processes by which humic acids fomm from and
in coal are, like their detailed structure, still only incompletely understood and
merit further investigation. '

e i

By definition, humic acids are brownish-black, alkali-soluble solids
which can either be recovered from naturally weathered coals (4, 5) or, altematively,
be prepared by controlled oxidation. The latter procedure, which is in principle
to be preferred to reliance on necessarily random and somewhat uncertain natural
processes, may take two basic forms. Pulverized coal can either be heated and re- H
acted with air or oxygen (or with an oxygen-enriched air stream), in fluidized or i
static bed (6,7,8,9, 10); or the coal may be suspended, conventionally, in hot
aqueous alkali and treated under pressure (11, 12, 13) with air or oxygen. The
choice between these techniques appears, at this time, to be largely a matter of
personal preference since each has distinct advantages and disadvantages. For
example, while wet oxidation will generally entail a substantially sherter reaction
period than the dry process, its greater severity will usually mean lower yields of
humic acids (and a proportionately greater concentration of low molecular weight,
water soluble, degradation products in the final product’ mixture){11).

Regarding the formation of secondary degradation products as
basically undesirable, the Research Council of Alberta concentrated an initial
study of the mechanism of the coal — humic acid conversion on dry oxidation.
This paper reports the behaviour of a typical Alberta subbituminous coal in such
a process.
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Experimental Procedure

In order to permit meaningful measurements which could be related
to the ambient conditions under which oxidation was carried out, an apparatus of
the form illustrated in Figures 1 and 2 was used. This afforded a gas-tight, closed
circuit with provisions for pressure regulation, gas sampling and withdrawal of coal
aliquots without interruption of the conversion process. As indicated in the dia-
grams, the total volume of the apparatus was approximately 2, 200 cc.

Oxidation of the coal was achieved by means of dry oxygen which
was introduced into the apparatus at the same rate at which it was consumed and
which was thus maintained at a constant pre-selected pressure throughout each
experiment. By amranging one-half of the constant~head oxygen supply bottle as
a calibrated cylinder, accurate measurements of Oz~consumption rates were pos-
sible. The total pressure was maintained at 1 atmosphere.

Instantaneous oxygen concentrations within the apparatus were con-
tinuously recorded on a Beckman F3 oxygen analyzer.

At the commencement of a run, the oxygen bottle was filled and
the measuring cylinder completely topped with water. 15.00 gm of coal (-65 +
150 mesh Tyler), vacuum dried at 50°C were then charged into the fluidizer, the
CO7 and HpO absorbers weighed (to the nearest 0.01 gm) and the ﬂUIdIZe[' brought
to the selected reaction temperature.

During the first 30 minutes after attainment of the reaction tempera~
ture, the rate of oxygen consumption would occasionally exceed the capacity of the
supply valve, and in such cases, oxygen was furnished from a secondary source.
By this means, it was possible to maintain the oxygen content uniform within S 1%.

As the run progressed, 1 cc gas samples were withdrawn from time
to time and submitted to gas-chromatographic determination of oxygen (as a check
on the performance of the Beckman analyzer), nitrogen (as a test for leaks) and
carbon monoxide. At regular intervals, 0.1 - 0.2 gm coal samples were also with~
drawn for infrared spectroscopy, elemental analysis and functional group determina-~
tion.

Measurements of alkali-solubles in these coal samples — conven-
tionally accepted as a measure of humic acid content — were made by Kreulen's
method and expressed as percentage humic acids in the sample (14). A minor
modification in Kreulen's method wag however, introduced in order to secure greater
precision. Since the results obtained are distinctly time-dependent (cf. Figure 3) —
presumably because of further oxidation in aqueous alkali ~ and since this drift
cou]d not be eliminated by blanketing with N3, humic acid contents were determined
at 2 and 24 hours after initial suspension in alkali and extrapolated to zero time.

Since the titre increased linearly with time for at least the first 30 hours after extraction,

this procedure was corsidered justified and relatively error-free.

19.



'Results

Experiments so far have been limited to a single subbituminous
coal with C ~ 71%, H ~ 4.2% . Results obtained are exemplified by Figure 4
which reproduces data gathered during a single experiment in which the oxygen
concentration and temiperature were held constant at 22.5% and 250°C, respec-
tively. It will be observed that the carbon and hydrogen contents of the solid
move asymptotically towards limiting values, while carboxylic acid concen-
tration and total acidity (total acidity = carboxyl + phenolic OH) pass through a
definite, broad maximium. The humic acid concentration likewise passes
through a maximum. CO (not shown in Figure 4) appeated in the early stages
of conversion, reached a maximum at 10 hours (5-15% by volume of gas) and
disappeared completely beyond 65 hours. The significance of this observation
is at this time unknown. '

Material balances, which were established in all rums, checked
within 5% . Experimental conditions could be duplicated to within ¥1% in oxygen
concentration and T 2°C in temperature, and the various measured quantities as
shown in Figure 4 agreed to within Ts5%.

Figure 5 represents a repeat of the experiment illustrated in
Figure 4, but this time extended to 450 hours. No measurements were made
before 150 hours had lapsed. Beyond the first 150 hours, only insignificant
changes appear to take place in the composition of the solid, but as shown by
the continuous oxygen consumption, there is a steady loss of coal and already
formed humic acid to carbon dioxide and water. At the conclusion of the test,
only 46% of the original charge was recovered as compared with 66% in the test
stopped at 150 hours. "

Similar experiments were carried out at temperatures between 150
and 300°C, and at oxygen concentrations between 10 and 100% . Figure 6 illus-
trates the relation between temperature and functional groups at constant ‘axygen
concentration. The same relationship was found in tests where the oxygen con~
centration was varied.

_ A summary of 20 experiments so far concluded in the study here i
under review is contained in Figure 7a and b. For the particular coal examined ‘
in these runs, the pattern shows optimum humic acid conversion and recovery after {
65 hours at 250°C and 25% oxygen concentration. !

The humic acid content in the oxidized coal ran to ca. 95% and
some 75% total solids (based on the initial charge) were recovered. The total
(phenolic ~OH plus -COOH) functional group concentration in the humic acid !
formed under these conditions runs to 10 milliequivalents/gm. The limiting
C-H values are 61% and 1.8% respectively.
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Discussion

Whether another coal would significantly alter the general
pattem of results shown in Figure 7a and b, or whether it would only change
the position of the maxima remains to be determined. Nor can anything,
at this time, be said about possible catalytic effects of coal ash on the
conversion process. Despite these limitations, however, the data so far at
hand provide worthwhile new information.

As might be expected, variations in oxygen concentration and
temperature tended to wotk in the same direction. Below 10% oxygen or
150°C, no significant reaction was observed. Above 80% oxygen or 300°C,
rapid and complete oxidation of the coal to CO2 and HpO was found. For
any conditions within this general range the carboxylic acid content rose
through a maximum and then decreased (although the measurements were not
always continued into the fall-off region). The total acidity likewise passed
through a broad, but less pronounced maximum. These maxima occurred at
shorter times as oxygen concentrations or temperatures increased.

The results illustrated in Figure 6 show that a temperature
variation markedly influences the carboxyl concentration, which may range
from 1 = 9m.eq./gm. On the other hand, the total acidity is much less
temperature dependent. Production of a humic acid principally characterized
by either ~OH or ~-COOH contents is, accordingly, dependent upon a more care-
ful choice of experimental conditions than would be required if a predetermined
total acidity only is to be afforded. ) '

Since other results — though as yet incomplete - indicate
that oxygen concentration has the same effect as temperature on the content
and composition of the functional groups, the same statement may apply to
this variable.

Another finding relates to the infrared spectra of partially re~
acted coal samples. These spectra, which were measured in order to gain
information about reaction products not encompassed by other methods em-
ployed, did in some (but not all) series show pronounced absorption bands
at 1850 and 1785 cm™! and thereby indicate the existence of 5-membered
ring cyclic anhydrides (15,16). To our knowledge, such components have
not previously been reported from studies of the coal— humic acid con-
version and now mise the question of whether they are intermediates in the
reaction sequence leading to humic acids or merely the result of dehydration
of already formed humic acids. Because the answer to this question would
provide experimental evidence for or against Tronov's postulates (17), sug-
gesting that such cyclic anhydrides might be essential steps in the mechanism
of conversion, a study pertaining to this problem is currently in progress in
these laboratories.



Finally, some significance may be attached to the variations
of carbon and hydrogen contents {(cf. Figure 7a). The approach of these.
quantities to limiting values which cannot, apparently, be lowered by ex~
tending the reaction period, lends interesting experimental support to Francis'
work on “oxidation tracks'' and tends to validate the "limiting oxidation line"
of his diagram (18). Prolonged oxidation, increased reaction temperatures,
and/or higher oxygen concentrations appear to accomplish little more than
conversion of carbon and hydrogen to COy and HyO respectively.

In the light of Figure 7a and b, it is obvious that optimum
conditions for oxidatipn of a given coal, and for the production of a humic
acid possessing predetermined properties, can be chosen with some ease.
It is, however, equally obvious that artificial production of humic acids is
subject to several limitations which arise as much from the meta-stability
of humic acids as from the relatively low reaction rates. If it is accepted
that humic acids hold an industrially important potential, further studies of
their formation from coal are therefore imperative. -
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Legend:
1) Fluidizer 7) CO, absorber
2) Heater 8) Connectors to Op analyzer
3) Coal sampler 9) Manometers
4) Dust absorber 10) Pressure regulator
5) Gas sampling valve 11) Pump unit (6 liters/min.)
6) H,O absorber . Total volume of apparatus 2200 cc.

COAL OXIDATION-APPARATUS

(not to scale)
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Legend:
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2)
3)
4)
5)
6)
7
8)

4 liter O9 - reservoir
280 cm measuring column

FIGURE 2

Adjustable mercury-filter disc air trap for (2)

Oj = trap
Manometer
HoO cbsorber

Mercury bead capillary valve

Auxilliary valves

OXYGEN SUPPLY APPARATUS
{not to scale)
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HOURS AFTER SUSPENSION IN ALKALI
Titration of humic acid content. Changes of titre with time
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Legend: HA = humic acid content in % of sample, TA = total acidity,

COOH = carboxyl, C= carbon, H = hydrogen, O3 = oxygen consumption
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FIGURE 6
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as good as any:

NONFUEL USES OF PEAT

Moses Passer

Department of Chemistry,- Unlversity of Minnesota
. - Duluth 12, Minnesota

Peat can roughly be defined as the product resulting from a special
arrested decay of dead vegetation, The more tyvical prettern followed by
dead plants is to undergo complete decay, with conversion of the organic
matter into gases that are released into the atmosphere, while the inorganic
matter remains in the soil. This complex vprocess can take place only when
the characteristic needs of the microorganisms that bring it about are met;
these include, among others, 2ir, water, and suitable nutrients. When
dead plants accumulate under water, howevar, air is excluded =snd only a
vartial decay takes place, together with vhysical disintegration. After
some hundreds of milliong of years the successive products are lignite,
then bituminous coal, and ultimately anthracite ccal. But at a relatively
very early stage, after some 10,000 to 20,00C years, the product of this
arrested decay is peat. Peat, then, represents the bare beginning of the
coalification process.

Considerable data have been published on the areas of peat bogs in
various parts of the world, and on the amounts of peat in these bogs. It
is probably safe to accept these data so far as they indicate orders of
magnitude. 3Beyond this, they must be treated with considerable reserve,
for the very zood reason that virtually nowhere has the utilization of
peat been great enough to justify the tremendous expense of an exhaustive
accurate survey.. (Two exceptions to this statement may be noted: first,
in the Soviet Urion and in Irelard, vhere there are large fuel veat indus-
tries; second, in any other aree where there might be an exhaustive local
survey for a specialty high-wvalue peat, such as horticultural-grade
sphagnum.) With these disclaimers, the following estimates are probably

Table l

World Peat Deposits

Country Sguare Miles Country Sguare Miles
U.S.S.R. 65,000 Great Britain 9,400
Canada 37,000 Ireland 4,700
Finland 30,000 Newf oundland 3,000
Sweden 19,000 Yorway i 2,900
U.S.A. 11,200 Austria 1,500
Jermeny 9,900 Denmark Leo

In addition, pest debosits are known %o exist in the other conti;ients.
but there we cannot make even uneducated zuesses. '

Deta on the amount of peat in the bogs are even less reliable then the
bog arsas, since the depths of peat deposits will vary over wide ranges;
typically, from 4 to 20 feet within a giver bog, and depths as shallow as
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a foot or two, and as deep as 50 feet or more, are not unknown. The following
estimate, that of Kazakov,® again is presented only as an order of maznitude:

Table 2

World Peat Reserves®

Billions of Tons™

U.S.S5.R.
Rest of world
Europe (except U.S.S.R.) 24,8

North America 18,1
All others 27.1
World totel

(a) On an air-dried (309% moisture) basis

153

And for the United Stetes, we have the data of Soper and Osborn:®

Tahle 3

United States Peat Reserves3

Peat Ares,
State millions

of acres
Minnesota 52
Wisconsin 1,0
Florida —_—
Michizan —
Virginia -~ North Carolina —
Hew York 0.8
Maine -_—
California ¢,06
Chio 0.05
All others —_—
Total

Peat, millions
of tons, air-
dried basis

+ 6,835
2,500
2,000
1,000

700
480
100
72
50

— 20

13,827

Data on current production are presented in Table 4. The discrepancies
between the sums of the values for individual countrises and the totals at
the bottom are due tc ths fect that the values in the table are based on
deta from two different sources,?'S and some of the valuss are estimates
by thies author in ar attemrnt to reconcile these sources. Only the larger

producers are listed.
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World Peat Production in 1960

Country Thousands of Tons

Fuel Jonfuel Sum
U.S.S.R. 59,10 86,000 (est.) 145,000 (est.)
Ireland k,510 14 4,530
West Germany 871 895 1,780
Bast Germany —_— —_— 550
Hetherlands —_— 500
U,S.4. none 471 471
Sweden 275 70 345
Norway 198 L2 240
DPexmark — 187
Canada negliginle 185 185
Finland 132 6 138
Poland —_ —_— 125
Total (estimates)®60,000 100,000 160,000

A few conclusions are immediately evident from these data, First,
with some 9C per cent of world production, Russia is by an overwhelming
margin the largest factor in the world peat industry. Second, only in
Russia and in Ireland does nower from Deat make ur a substantial fraction
of the national enerzy supply. Third, since nearly =1l the "nonfuel” use
ie in agriculture, world consumption of peat in agriculture is arperentiy
greater than the amount burned for fuel. (“Apparently” because Russian
data on nonfuel utilization are much less cceplete and up-to-date than their
fuel data, and were here estimated by extrapolation,) Finally, in thkis
country peat untilization is synonymous with agriculturel utilization.
Before going into this, it might be useful %o descrite the various %ypes
of peat.

Wrile peats are classified by soils scientists into some half-dozen
or more well-defined groups, commercial statistics® are generally based on
the followinz three classes:

Moss Teat, or grhagnum Deat mos3, is peat derivad lergely from sphag-
num and hypnum mosses. Tais is a light-colored ma%srial, springy, with 2
well-defined layered structure in its natural state, It is the least
decomposed of the peats, with the lowest bulk density (7-15 1b./cu. ft.),
the lowest ash content (usually under 4 per cent), the lowest od (typiecally
3.5 to 5,0), and the highest moisturs-holding capacity—up to 20 times and
more its own weight of water. Virtually all peat imported into the United
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States consists of sphagnum, which commands a much higher rrice than the

other varieties,

Reed-sedze peats are peats derived from reeds, sedges, grasses, cat-
tails, and veriouz shrubs., They are much more decomoosed =znd disintegrated
than sphagnun peats, have a higher bullt deneity (20~35 1lb./cu. ft.), are
usually dark in color, and tend to have a fibrous structure that is due to
théir content of reletively undecomposed stems and roots. The pE range is
4,5 0o 7.0; the ash content will tyrically vary from sbout 4 to 15 per cent
but may be a g091 deal higher; and the moisturse-holding capacity is about
one=-half that of sphegnum, About one~helf to two-thirds of the peat produced
in this country ic reed-sedge.

Humus is a catch-all name for veats so completely decomposed and/or
disintagrated as to have lost their biological identity. Humus may be native
veet, or it may derive from peat land on which crops have been grown, The
terms humus, muck, and peat soil terd to over-lap, but the ash content
usually serves a3 a convenient if arbitrary dividing line between *true”
peat—ash under 4O ver cent--and veat seil--over 40 per cent., About one-
third of United States domestic production can be classified as humus,

dlthough the nitrogen content of teat, some 1 to 3 ver cent, is not
neglizible, this nitroger is relessed so slowly that pest is not considered
to have any particular value as a direct fertilizer. Its value in horti-
cultural applications lies, rather, in its soil-improvement—characteristics.7'

' The addition of peat to a heavy clay soil, for example, brings about a

treanendous improvement in the structure of that soil. And ths watsr-holding
c2r2city of pest is beneficial to any soil, since peat tends to supdly a
buffer-tyme action: it will absorb excess moisture during periods of too-
heavy reinfzll, apnd release this water during drought periods, thus providing
the growing plant with a more uniform supply of water. This is notably
advantageous in s2pdy soils, Thess rroperties are darticularly beneficial

in the building of new lawns, for which large quantities of peat are mixed
into the soil mrior to the application of seed or sod. For similar reasons,
peat is widely used as g mulching agent for ornamental plarts and shrubse

In addition to the major use just described for soil improvement,
Deat is used in a variety of other ways relating to sgriculture. Potting
soils, widely marketed in small vlagtic bags, are generally mixtures of
peat and soil, Mushroom growers have bsen usirz peat for mushroom beds,
end this dractice arpears to be growing.9 A relatively new outlet for
peat is found in the small molded reat pots now sold in most garden supply
stores. These were first develoved in Norway, and substantisl amounts of
Norwegian pots eare marketed in this country. More recently, several American
producers have begun to manufacture these vots from domestic peats. And

. 8imilar pots are now being made in Ireland on a different vrinciple. Unlike

8
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the Norwegian and American pots, which involve a high pressure molding oper-
ation, the Irish pot is made by cutting a suiteble cavity in a block of air~
dried peat. This preserves the original structure and porosity of the peat,
and it is claimed that the greater cost of production is justif:Led by the
eu*oer:.ority of the producte.

i e o e M

culmination of work extending over more than a decade, Baker'? and his
. colleagues developed the *U.C.' formulas for nursery soil mixes, consisting
essentially of mixtures of peat moss and fine sand to which suitable nutrients
are added. This has attracted widespread and favorable interest. For i
example, the Irish national peat establishment, Bord na Mona,l! has developed
a modification of the U,C. formula adapted to Burcpean conditions, and is 1
now merketingz this material as the U,C.,E.B. seed and potting compost. ‘
- N K

Another quite recent development shows particular nromise. As the !
]
{
{

Several older agricultural applications still account for substantial
quantities of peat consumption., One of these is the use of peat for animal
bedding and voultry litter. Its high moisture capacity makes the Deat
particularly suitable for this purpose, and the sxhausted product consists 4
of fine manure whose velue is grestly enhanced by the soil-conditioning
vroperty of the peat with which it is combined. Another well-established
utilization consists of the addition of 5 to 10 per cent peat to manufactured
fertilizers. This is based on the fact that some of the components of
commercial fertilizers are hygroscopic, so would become sticky in humid ‘
weather and hard-caked under dry conditions, By absorbing or releasing s
moisture as needed, the peat tends to keep the fertiliger free-flowing, j
Still another apvlication of the moisture~holding proverty of peat is found .
in its use in the packaging of cut flowers and certain vegetables. Asparagus
crates, for example, are gometimes lined with a layer of peat which is then
wotted. By slowly releasing its moisture, the peat maintains the asparagus
in good ccndition during shipment, 1

The one sgricultural use which may ultimately have the greatest potemn- .
tial of all would be to incorporate into peat, by chemical or microbiological
means, suitable vlant nutrisnts in the right oproportions and with the nece- p
ssary chsracteristics of availability and rate of release, such zs to add g
fertilizer properties to the soil-conditioning activity which peat already
possegses, Needless to say, this problem has been and is being given ener-
getic study in almost every laboratory where peat is locked at from a chem=
ical or engineering point of view., Zqually needless %o say, the fact that
a major industry of this nature does not exist indicates that the DProblem 1
is still quite far from a solution., Nevertheless, two operations are in
existence today in which such z peat-fertilizer-soil-conditioner is being
vroduced. One is in Austria,'2»13 yhere the Osterreichische Stickstoffwerks
A. G. produces two peat derivatives of this nature~-Humon and Voll-Humon, q
Humon is made by the resction of air-dried reat (404 moisture) with arhydrous
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ammonia in the preéence of air, at atmospheric pressure. The ammonia is
completely gbsorbed in ore pass with virtually no loss. This process raises

the nitrogen content from about 1 to 3 rer cent. The important coansideration

is the rate of release of nitrogen—about ome~half becaming svailable the
first year and the remainder within two years. The nitrogzen content of

the product is deliberstely kept down to 3 per cent inr order that as much
humic material ver unit of nitrczen as possible be supolied to the plant,
The essential difference between Humon and Voll-Humon { "Complete Humon”) is
that the latter contains, in addition to nitrogen, the nutrients potassium
and phosphorus, together with certain trace elerents, A major vroblem with
Humon and Voll-Zumon appears to be that tke cost of production still makes
these vroducts too exvensive for ordinary agricultural use and thus limits
their market tc horticultural apnlications. MNevertheless, about 10,000 tons
Der year were belng produced in 1957,

A related process is the one develaped by the French company, Societe
de Produits Chimiques et Zngrais a'Auby. 213 The process involves a fer-
mentation of peat followinsg a treatment with ammonia znd other chemicals,
Here, too, tbe cost of the product apvears to present the major obstacle to

“ widespread utilization of the process. Annual production wes said to have

been gbout 100,000 tons before the Algerian war destroyed = major rart of
the market,

Before we turn to nonfuel uses other than agriculture, which are found
only outside the Unlted Statea, a few statistics on United States production
and zonsumption may be in order.

Table 5
United Stetes Peat Consumption?¢
. Domagtic Production Irmports
Total Thou- Value, Domes-  Thou- Value,
Consumption, sands Thou~ tie sands Thou=
fhousands of sands of Pro- of sands of
of Tons tons Dollars ducers tons Dollars
1939 134 55 . 362 39 79 1,204
1944 225 4l 1,006 59 84 2,704
1950 255 131 1,143 48 124 3,867
1955 503 274 2,283 82 229 9,262
1958 597 328 3,446 81 269 12,034
1959 706 419 L,372 105 287 13,580
1960 735 471 5,138 115 264 13,509
1951 777 525 4,991 123 252 13,178

A few trends bacome apparent from these stetistics, First, the use
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of peat has shown a steady increase in this country with no sign yet of
levelling off, This is understandable-—ss have become a nation of home-
cwners, srd every lawn ard every garden represents a new market for veat.
Second, while domestic production shows a2 steady increase paralleling
consumption, imports seem to have reached a2 maximum and leveled off., What
is really surprising iz the dollar value of the domestic product compered
with that of the imported. In 1961, for example, we find 525,000 tons of
domestic valued at about 5 million dollars, for an average of slightly less

250 ver ton—5 times as great. Two factors are involved. In the first
vlace, the domestic prices reflect the nroceeds received by the orizinsl
producer f.o0.be plant, and freguently ars for a product shipped in bulk,
The imnorted Drices are those paid by the importer p.c.e., and invariably
include the cost of a rather expensive vackage. INevertheless, there
remains a considerable spread, and this is due to the fact that nearly all

the imported material is reat moss, which commznds a much higher market 1
price than reed-sedge =2nd humus, of which most domestic mroduction consists.J

In fact, the major reason that imports are so high is that only a very small .
proportion of imerican peat depogsits are sphagnum moss of suitable size
and quality for commercial operation.

The next table s-ows, for the year 1960, the major sources of the
veat consumed in the United States and the major outlets. The discreranzy
between suply and utilization is due to the fact that only the material
30ld in commercial channels is listed in the consumption, with no account
taken of peat utilized in captive overations,

Table 6

Peat in the United Statea—196014

Major Domestic Sources Thousands of Tons
Michigan - 214 ' ‘
Florida 39 !
California 33 .
Pennsylvania 31 : P
Yashington . 28
Indians 27 !
New Jersey 25 ‘
39 Otker ztates less than 10 each !

Major Foreign Sources S
Canada ‘ 157 ‘
Yest Germany 84 !
Poland 8 ‘
Netherlands - 8

Denmark 6

| [
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Table 6 (continued)

Majer Uses ) _ Thousands of Tons
Soil Improvement Los
Potsing Soils end Flower Peckings 17
Miscellaneous 9

The nonfuel uses of vezet outside of agriculture account for only a
minor fraction of total peat consumction. On the other hznd, one of them
coastitutes an imortant basic irdustry, and several show considerable
interest and rromise,

Perhaps the most imporiant of these nonfuel nonagriculture apolications
of peat is its use 28 the raw material for the manufacture of activated
carbon, The imvortance of activated carbon in sugar refining, zas purifi-
cation, chenical processing, =a2nd other irdustriaes is well known. At least
one of the mzjor producers (Horit Co., Amsterdam)® makes most of its acti-
vated carbon from peat, and there are irndications that others mey follow
suit, 4 serious limitation lies in the rather stringent specifications of
the starting material., The nature of the (secret) process is such that the
Deat must be guite decomvosed, to the extent that it sticks together like

- & Adomp mud when pressed by hand. At the seme time, its ash content must

not exceed about 3 ner cent. So far as the writer knows, only one particular
peat-~a bog at ths Holland-Germeny border-~has this combination of properties.
The only low-ash American and Canadian Deats are sphaznums, very little
decomposed, and the ash content of the well-decomposed veats iz rarely as

low as even 6 per cent.

Since cellulosic substances constitute ones of the major organic consti-
tuents of neat (15 to 50 per cent), the fermentation of veat to Troduce
ethznol is a well-lmowvn vrocess. However, 1t is not competitive with ethanol
by other rrocesses. On the other hand, the Russiens!2:15 have developed
a thermo-~chemical processing of peat that at least in the Soviet economy is
competitive, In this process the peat, only rartially dried, is autoclaved
with steam to destroy its colloidal structure. This mazkes it possible to
dewater the peat by filtration, a process whick the colloidal nature of
untreated peat renders impossible, The drocess is therefore called "artificial
dehydration, " Somz chemical products are produced durinz the autoclaving,
ard others during a subsequent fermentation, with the following overall
yields from 1000 kz. o< peat (37 rer cent moisture basis): 6-8 liters of
ethanol, 3.5-4 kg, of furfural and substituted furfurals, 700-750 kg, of peat
fuel., Moiifications under develovment would add 22-24 kz. of oxalic acid
and 5~6 kg, of acetic acid to the above products. In 1957, a plant near
Leningrad was overating at an annual peat consumntion rate of 50,000 tonse
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Processes for usirg peat for the manufacture of products such as
wallboard, heat insulating plates, sound-vrroofing materials, and even papers
and fabrics, are well known, and many patents have been iessued. With suit-
able additives, thesse products can be made fire resistant. DBefore World
War II the Soviets were knownl® to prcduce hest insulating plates from peat
on a large scale, but no current information is available. A related pro-
duct from peat is a flooring material of rather high quality, which bas
been manufactured at various times in Sweden, Germany, and Bussia, and pro-

- bably elsewhere. And in the seme category we find peat used as a filler

in linoleunm,

Wax constitutes enother of the major organic constituents of peas
(5 to 15 per cent), and the extraction of waxes from Peat has been widely
studied (Reilly, Ireland; Dregunov, Bussia; Sundgren, Finland; Risi,
O_u.ebec). These waxes are comparable to the montan waxes from brown coal,
and can be refined to a product comparable to Brazilian carnauba wax.
But whether peat wax is competitive with these products remains to be seen.

A recent (1961) peat development that shows great promise is based on
some work by the British Cast Iron Research Association,l® who found that
the substitttion of a particular tyve of peat for the ccal dust or wood
flour ordinarily used in iron foundry casting sands affords an improved
product requirinz less finishing. Current annusl production of "Berkcal,”
the trade name for peat meeting specificationg for this purpose, is of the
order of 12,000 tons.

Two minor uses of peat may deserve mention. During World War I,
sphagnum moss was used on 3 large scale as a filler for surgical dressings
and mattresses, an application based on its sbsorptive and antiseptic
properties, And today in Germany, there are a large number of health spas
whose major attraction consists of teking baths in a hot reat-water slurry.,
Thege are elaborate establishments, usually with one or even several
physicisns in full-time residence. The writer has no information ag to
how effective these peat baths are medically, dbut since the spa is usually
located in beautiful mountain country far from the cares of everyday life,
the overall effect is undoubtedly sll to the good,

A finsl topic that should at least be menticned is the use of peat
lands for growing crops--either on native bogs, or on reclaimed peat land
after removal of the peat., As en examnle of the first, suitably developed
muck soils are highly regerded for crons such as celery and potatoes, while
reclaimed bog lands are ideal for blueberries and cranberries. It should
be emphasized, however, that the effestive use of Deat lards constitutes
one of the major problems of soils scientists, particulerly in ths countries
of Western Europe where arable land is scarce and precious, and that full
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realization of the potentialities of these lands still lies far in the future.
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MOLECULAR SIEVE PROPERTIES OF ACTIVATED ANTHRACITE
J. E. Metcalfe, III, M. Kawahata, and P. L. Walker, Jr.

Fuel Technology Department
The Pennsylvania State University
University Park, Pennsylvania

Introduction

It is well known that coals exhibit molecular-sieve properties. Such
properties are characterized by much higher n-C4H)y adsorption than 1so-CiH),
adsorption at room temperature (1) and particularly by activated adsorption
of N, and A at 77°K. (1, 2, 3, 4, 5). However, this molecular-sieve behavior
in the case of raw coal is of little practical value, since the diffusion rate
of the adsorbate into the pore system is usually very slow and the total adsorp-
tion capacity is usually very low.

There is an increasing interest and use, today, of molecular-sieve materials

by the petroleum industry for the separation of straight from branched-chain
hydrocarbons. Synthetic crystalline zeolites are being used almost exclusively
for this purpose (6). Charcoals made -from the pyrolysis of certain polymers
show promise (7). In this paper, the possibilities of producing a suitable
molecular-sieve material by the activation of anthracite is considered.

Experimental

Anthracite Used - A Pennsylvania anthracite, which was ground in a fluid energy
mill to an average particle size of 6L on a weight basis, was used in this
study. The proximate analysis (air-dry basis) of the anthracite was:

moisture, 1.2%; V. M., 8.2%; fixed C, 79.4%; and ash, 11.27%.

Devolatilization of the Anthracite - Prior to activation, the anthracite was
devolatilized in a N, atmosphere at 950°C. for 6 hours. No attempt was made

to analyze the product gases during devolatilization; but from previous studies
on kinetics of volatile matter release from anthracite, most of the gas
released was Hy (8).

Activation of Anthracite - Because of the fine particle size of anthracite
used, a down-flow fixed bed reactor was employed. The reactor, which was

2.25 in. i. d., 3.25 in. o. d., and 2 ft. long, was made of 10-18 steel tubing.
The anthracite sample holder, which could be inserted into the reactor, was

304 stainless steel. Its dimensions were 1.87 {h. i. d., 0.065 in. wall thick-
ness, and 17 in. long. The bottom was perforated to allow for the passage of
the gases. Gas mixing and preheater sections were present, before the reactor.
The entire apparatus is described in detail elsewhere (9).

For a run, an oven dried sample of. anthracite of known weight was placed
in the sample holder. The sample was heated to activation temperature in Nj
and then reacted with a 90% C0O,-107% CO gas mixture, at a tatal pressure of
1 atm. Following reaction, the sample was cooled in N, and the percentage
burn-off measured from the loss in sample weight. Carbon monoxide was added
to the inlet stream so that more uniform activation through the bed would
occur. That is, it minimized the effect of small amounts of product CO
strongly retarding the gasification reaction (10).

b1,
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Apparatus to Measure Properties of Anthracite

Apparent density - The apparent density of the samples was determined by
Hg displacement. A Hg porosimeter was used (11), in which the total pressure
above the Hg was raised to 2,000 psi. At this pressure, Hg is forced into
openings greater than ca. 1000 A. Therefore, it is expected that the voids
between anthracite particles were completely filled., At the same time, the
volume of Hg forced into pores above 1000 A. within the anthracite particles
is thought to be negligible (12).

Helium density - Prior to the measurement, the samples were outgassed at
125°C. for 8 hours. The He densities were determined by the conventional
method in which a measured quantity of He was expanded into a sample holder
(held at 30°C.) of known volume containing a sample of known weight. A
30 min. period was found adequate to reach equilibrium.

Adsorption apparatus - A static adsorption apparatus of the typical
design (13), containing Hg float valves, was used. All adsorption studies
were conducted at 30 * 0,1°C. Prior to measuring the free space with He,
the samples were outgassed at 250°C. for 7 hours. Because of the very slow
diffusion of the hydrocarbon adsorbates into the raw and devolatilized
anthracites, 24 hours was allowed to reach equilibrium for each adsorption
peint. TFor the activated samples, a one hour equilibration time was found
sufficient. The adsorbates used, n-CiH;g, 1s0-C4Hyg, and neo-CgHpp, were
obtained from the Matheson Co. and were of greater than 99,97 purity.

Results and Discussion

It was decided to activate anthracite of micron size in this study in
order to attain the optimum in uniform particle activation and to decrease
adsorption equilibration time to a minimum. Walker and co-workers (l4) '
discuss the effect of particle size on non-uniformity of gasification.
Kawahata and Walker (12) show that the specific pore volume of activated
anthracite increases with decreasing particle size in the range 16 to 150 mesh.

Unfortunately, however, the handling of 6y anthracite during activation
proved to be a problem. Initially, activation in a fluid bed apparatus, which
was previously used successfully to react 100x150 mesh anthracite (15), was
attempted. Excessive carry-over of the anthracite from the reactor as a
result of continuous agglomeration and de-agglomeration made the use of
fluidization impractical. In the case of the down-flow fixed bed reactor
which was used for activation, it became evident that channeling of the gas
was a problem. This apparently resulted in non-uniform reaction through the’
bed. That is, from the total per cent burn-off and the change in apparent
density of anthracite during a run, the fraction of activation which took
place within the anthracite particle (as opposed to removing external volume
and thereby decreasing particle size) could be estimated. For the seven
activation runs made, the percentage of internal activation varied widely,
up to 100%, with no trend being found with changing activation temperature
between 750 and 840°C. Results for only the sample with 1007 internal activa-
tion are given here, to show under the best conditions what type of molecular-
sieve properties activated anthracite can have.

The activated sample to be considered here, was reacted at 840°C. for
23.5 hours to 34.8% burn-off. Figure 1 shows the isothemms for the adsorption
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of hydrocarbons on this sample. The isotherms can be closely approximated hy
the Langmuir equation, from which mondlayer adsorption volumes can be estimated.
These volumes for the activated and raw anthracite are given in Table I. Mono-
layer volumes for the devolatilized anthracite are not given, since they were
very small and could not be accurately measured. For n-C H; adsorption at a
relative pressure of 0.3, the volume adsorbed on the deVOl&t?llZed anthracite
was roughly 107 of that adsorbed on the raw anthracite. This indicates
significant closure and contraction of pores upon heating of the raw anthracite
to 950°C. Such a result has been previously reported upon the heat treatment
of bituminous chars to higher temperatures (16).

From Table I, it 1is seen that the area available to the hydrocarbons is
sharply increased upon activation, as expected. Of more importance, is the
fact that the adsorption rate is markedly increased and that wide differences
in the pore area available .to the hydrocarbons still exist.

Table II summarizes :the results for the apparent and He densities and
total open pore volume on a m.m.f.b. To place the density results on a m.m.f.b.,
the apparent and He density of the mineral matter in all samples was taken as
2.7 g./cc. (17). The total open pore volume is considered to be the volume in
pores < 1000 A.  and > 2.5 A. in diameter. The lower limit is set by the size
of pore into which He can diffuse at a significant rate at 30°C. (18).

On the basis of these results, the nature of the molecular pore system in
the anthracites can be clarified further. From Hg porosimeter data on anthra-
cite activated to 38% burn-off, it has been shown that about 947 of the total
open pore volume i{s located in pores < 28 A. in diameter (12). According to
the Kelvin equation, pores of up to ca. this diameter will be filled by the
hydrocarbons studied at a relative pressure of 0.3. Therefore, the assumption
is made that the volumes of hydrocarbon adsorbed at a relative pressure of
0.3 are located in pores between a lower limit (below which the hydrocarbon
will not enter) and 1000 A. Then, by subtracting these pore volumes from the
total open pore volume, distribution data in the molecular pore size range
can be determined. In agreement with Breck and co-workers (19) and others,
the minimum effective pore size into which a hydrocarbon can penetrate is
taken as the diameter of the circumscribed circle of minimum cross-sectional
area of the hydrocarbon molecule. These minimum dimensions are 4.9, 5.6, and
6.5 A. for n-C,H,4, iso-C,H,, and neo-CgH, 5, respectively.

These results are summarized graphically in Figure 2. It is seen that
even though the total open pore volume is increased on devolatilization
(presumably by volatile matter release unblocking pores), the amount of pore
volume available to n-C.H;j and larger hydrocarbons sharply decreases. Com-
paring the volume distributions for the raw with the activated anthracite,
it is seen that in spite of a large increase in total pore volume upon
activation, the pore volume between 2.5 and 4.9 A. has decreased. This would
suggest that there is little pore volume below 4.9 A. to be opened up by
additional burn-off of this anthracite. It is to be emphasized that the volume
reported below a minimum effective pore size would be expected to increase with
increasing adsorption temperature, because of activated diffusion and an in-
creasing magnitude of vibration of the atoms around a pore opening.

It is of interest to compare the activated anthracite with Type A
synthetic zeolite pellets for adsorption of n-C4H10 and is0-CyH;q (19). At
room temperature, the 54 zeolite has a capacity of ca. 50 cc. n- -Cy Hy /g-
(8.T.P.) and 2'cc. iso-C4H10/g. It is thought that the adsorptlon o%
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iso-C,H; g primarily occurs on the clay binder holding the small zeolite .
partlcles together in the pellet. The ratio of gases adsorbed is ca. 25.
In contrast, the activated anthracite has a capacity of ca. 110.-cc. n-C4H;;/8.
(m.m.c.b.) and 40 cc. iso-C4H10/g. The ratio of gases adscrbed is ca. 2.8,
Pelletizing the anthracite for use in fixed bed operations would be expected
to lower both the adsorption capacities and separation ratio. It is obvious,
then, that this activated anthracite sample does nct show the sharp molecular
sieve effect demonstrated by the zeolite. This is to be expected, since a
range of molecular pore sizes is present in the raw and activated anthracite.
Nevertheless, because of the relatively low cost of activated anthracite, it
may have possible applications for rough separations in conJunctlon with
zeolites.
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Table I

Monolayer Volumes for Different Hydrocarbons

on Raw and Activated Anthracite (m.m.f.b)

Vm, cc./g. (S.T.P.)

n-C4H10 iso-C4H10 neo-CSH12
Raw 12.6 8.6 2.3
Activated 134 54.5 15.5
Table II

Densities and Total Open Pore Volume in Raw,

Devolatilized, and Activated Anthracite (m.m.f.b.)

App. Density He Density Total Open Pore

g./cc. g./cc. Volume cc./g.
Raw 1.245 1.43g 0.10g
Devolatilized 1.51O 2.01O 0.165
Activated 0.95, 2.156 0.581



L6.
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Factors Affecting the Upgrading of Iren Oxide Derived From Fly Ash
H. E. Russell and E. A. Zawadzki

Bitumincus Coal Research, Inc.
350 Hochberg Road
Menrceville, Pennsylvania

Introduction

The iron cxide present in fly ash can be removed by magnetic separation metheds.
Tre material sc ob:ained has possible useful applications as a heavy media agent in
coal preparation and as a raw meterial for the steel industry. In order to meet the
various specificaticns of the materials now used in these processes, the fly ash-
derived iron oxide must be further upgraded. This paper describes some of the pro-
blems encountered in upgrading the iron oxide material.

A

A, Separation of Iron Oxide frem Fly Ash

Iron oxide can be removed from fly ash by either wet or dry magnetic methods.
Typiczl magnetic separations systems which could be applied to this process are shown
schematically in Figures 1 and 2.

The wet process (Figure 1) involves pumping a fiy ash slurry into a unit con-
taining a magnetic drum. The magnetic iron oxide arnd assoclated material are col-
lected from the drum, and the collected material is passed through a similar unit for
further refining. The non-magnetic material is transported to a disposal area.

.The dry process alsoc uses a rotating magnetic drum. The initial separation pro-
duces middlings and tailings fracticns, which are discarded, and a crude iron oxide
fraction which must be further refined by passing through another magnetic unit.

The iron oxide so obtained is similar in physical and chemical characteristics
{Teble 1) to commercially available magnetite and therefore can be used, in some cases,
as a heavy media agent without further processing. '

3. Processing of Iron Oxide for Use as a Heavy Medis Agent

The important ‘factor in the use  of fly ash-derived irom cxide as a heavy media
agent is the magnetic content of this material. The total magnetics should be as
high ag possible in order to nave high recovery rates at the preparation plant,
thereby keeping the consumption of iron oxide per ton of coal at a low rate.

Cormercially available magnetite contains 94 percent magnetic material.
Samples of iron oxide from fly ash can be produced comteining 90 percent magnetics,
nowever this requires further processing of the iron oxide in another magnetic unit,
or alternately by crushing the iron oxide to liberate the magnetic material and sub-
scquent magnetic separation to collect the magnetic fraction.

This latter process serves another purpose, namely, that of producing a finer
sized material. Heavy media washers of different designs require megnetic material
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of different size consists for efficient operation. Certain washers can use the fly
ash-derived iron oxide as it is produced fraom the fly ash; others require a finer ,
material. However, further grinding reduces the total magretics content in the iron 3
oxide. This occurs because non-magnetic materials are present in the iron oxide and .4
are liberated by the grinding process. The reduction. in total magnetics can Ye as ]
much as several percent. Detailed comparison tests are yet to be made on this phase
of the project.

- C.

a fraction having the highest possible iron content while maintaining a low silica
and aluminum content. Considerable attention was therefore focused on the analysis 1
of the iron oxide material. Methods of anslysis were developed to determine.iron,

Upgrading Iron Oxide for Use as a Raw Material in the Stéel Industry i

The object of this phase of the program was to refine the iron oxide to obtain

silicon and aluminum.

D.

Several different refining procedures were attempted.

1. The iron oxide removed from the fly asih was pulverized until 90 percent
passed a 325 mesh screen. The crushed material was then washed with water
several times; after each washing the iron oxide was allowed to settle and the
lighter material removed by decantation. This methcd did not increase the irom
content nor did it decrease the silica content however the aluminum content was
reduced from 6.0 percent to 3.7 percent.

2. A second attempt at purification was attempted using the following
method. The iron oxide was pulverized to 98 percent through a 325 mesh screea.
The magnetic iron was removed by a dry magnetic method and then processed by
specific gravity separations at 2.95 specific gravity. This method also did not .
improve the iron or silica contents, however it decreased the aluminum to 0.3
percent.

1
The results of these experiments showed that the iron and silica are inti-
mately combined in such a form that grirnding and washing will not make possible 1
a separation. This combination is described as "silicated iron oxide" and has
an iron-to-silica ratio of 4.6 to 1. {

£)

3, A third attempt at reducing the silica content was attempted. This ‘
methed involved crushing the original, unprocessed fly ash to 98 percent through
a 325 mesh.screen, however wien the resultant material did not yield any iron A.
oxide when magnetic separations were attempted. The magnetic properties of the
iron oxide apparently had disappeared.

These results led to a closer investigations of the physical and chemical
characteristics of the fly ash.

Analysis of.Iron Oxide for Iron Content

No standard wet analytical method for iron in £ly ash was available for use in }

this work. Initially, the ASTM methods recommended for cemeant were used in which the !
iron was extracted from the fly ash by hydrochloric acid. From the color of, and
microscopic examination of, the residues, it was suspected that all of tie iron was ‘
not extracted by hydrochloric acid. Sodium carbonate and caustic fusions were
attempted and gave higher results than the hydrochloric acid extraction (Table 2).
However, it was again suspected that some of the iron had not been dissolved. Hydro-
fluoric acid extraction of the samples was then attempted and gave results which were
consistently reproducible. The hydrofluoric acid extraction method gave the highest
results. : :

[ SV S
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Z. Microscopic Examination

It was believed that the probléms with the analyses end procéssing of the fly
ash-derived iron oxide were associated with the silicated iron material. Microscopic
examination supported this belief.

. Pollen amounts of (a) fly ash, (b) the residue from the magpetic separation pro-
cess ard (c) the magmetic iron oxide were examined and photographed under a micro-
scope at 200 and 40O magnification using transmitted light.

Fly ash is formed at high temperatures during the combustion of pulverized coal.
At these high temperatures, the ash forming constituents of tne coal melt, fuse, and
form spherical masses, in most cases (Figure 3).

The spherical perticles containing iron oxide are essentially magnetic (Figure
L) and can be removed by magnetic processing.

Residues from the magnetic separation are essentially devoid of spherical iron

" bearing particles (Figure 5) however, a fair amount of iron oxide remains as ragged,

irregularly-shaped particles, some of which have a cellular appearance {Figure 6).
This material is belleved to be thermally decomposed pyrite which had originally
replaced fusain in the coal. This pyrite was thermally decomposed by the combustion
process but did not fuse into the spherical mass which is typical of fly ash parti-
cles. This material may not be magnetic.

Examination of the magnetically separated iron oxide shows a great abundance of
spherical particles, all of which are not pure iron axide. Some of this material is
the previously mentioned "silicated iron oxide". This silicated material appears to
exist in two forms, ome in which the magnetic iron oxide occurs as discrete particles
imbedded in a spherical mass of silica (Figure 7), the other as a solid core of
magnetic iron oxide surrounded by a siliceous mass (Figure 8). :

While this material can be readily separated from the fly ash by macnetlc
methods, the associated siliceous material is also removed. This unfortunately is
the major problem encountered in upgrading the iron aoxide.

Future work on this project will be concerned with development of improved
crushing and separstion methods for upgrading the iron oxide to meet specifications
for rew, as well as existing, process applications.

Summary

Upgrading iron oxide derived from fly ash is complicated by the physical state
of the iron as it occurs in the fly ash. The "silicated" state of the irom also
presents problems in analysis. Ordinary crushing of the material to release the iron
embedded in the silica has not been found to be an effective means to upgrade the
iron oxide. The silica content remains unchanged and the magnetic content decreases.
Further experimental work is necessary to achieve the desired degree of upgrading.

Acknowledgement
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2 TABLE 1. COMPARATIVE DATA. ON FLY ASH-DERIVED IRON OXIDE j
AMD COMMERCIAL MAGNETITE ]
)
Screen Analysis - Percent Retained "]
Screen Size Iron Oxide Cczmercial Magmetite Grade 2
+ 50 mesh 0.15 3.8
.50 x 70 mesh 0.25 L.y
70 x 100 mesh 0.70 L.b
100 x 140 mesh 0.35 6.2 .
1%0 x 2C0 mesh 6.35 7.6
200 x 325 mesh 26.80 13.5
- 325 mesh 62.40 64.5
Approximate Chemical Analysis, Percent by Weight .
Iron Oxide Commercial Magnetite
Iron 57 62 ]
Silicon 6 2 :
Manganese 0.8 0.2 )
Aluminum 3 ' » L
Calcium 0.2 - : 0.50 1
Magnesium 0.04 1.50 I
Moisture 0.10 ©0.50 ;
, e ;
Physical Properties /J
Specific gravity 3.82 ' 4 .80 ‘
Magnetics 90% 9%

TABLE 2. COMPARISON OF RESULTS OF IRON ANALYSES
USING VARIOUS METHCDS

Sodium Caustic Fusion Hydrochloric Hydrofluoric
Sample Carbonate Fusion * Initial Secondary Acid Extraction Acid Extraction :
% % % % )
1 5.9 8.7 e 6.0
2 14.9 11.0 4.9 3.2
3 k.5 5.7 - -5
4 L.6 8.1 - T2
5 36.8 36.7 L.s k1.3

* Results reported by another laboratory.

11.6

» 18.4 {
8.0 |
1.1 i
b1
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Figure 3. ' 2506P1

Fiy Ash from Mechenicel Dust Collector of an
Orerating Power Station Burning Pulverized
Coal (200x)

Figure L.  2508p2
Iron Oxide Magnetically Separated from
Fly Ash (200x)
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Figure 5. . 2508P3
Non-Magnetic Residue from Magnetic Separation
of Fly Ash (200x) - '

Figure 6. - 2508Pk.
Unfused Iron Oxide (top center) in Non-Magnetic
Fraction 6f Fly Ash (400x)-
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Figure 7. 2508pP5
Discrete Iron Particles Enclosed in Siliceous Mass
Found in Magnetic Fraction of Fly Ash (200x)

Figure 8. - - 2508p6
Iron Oxide Sphere Enclosed by Siliceous Mass Found
in Magoetic Fraction of Fly Ash (LOOx)
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COAL IN-TAR DISPERSIONS AS HIGHWAY CONSTRUCTION M.A.TERIALS

~ Edmund O, Rhodes
Pittsburgh,. Pennsylvania '~

Introduction

When bituminous coal is digested in a mixture of coal tar p1tch and high-

’ boﬂmg tar oil, at temperatures’in the approx1mate ra.nge of 300-320C., little or

no chemlcal decomposition of the coal occurs and the coal-modified pitch, which
appears to be a colloidal dispersion of the coal as coal in'the pitch-oil mixture, has
temperatur e susceptibility characteristics better than those of the original pitch, i.e.,
it softens less at elevated temperatures and hardens less as temperatures are de-
creased, : : :

For about thirty years coal- modified p1tches have been used very success-
fully as hot-applied enamels for the protection against corrosion of steel structures,
marine piling and underground pipe lines for the transmission of oil, gas and water,
Because of their superior temperature susceptibilities they are better for such pur-
pcses than coal tar enamels made by usual procedures.

Less successful have been various attempts to use coal-in~tar dispersions
for other purposes for which it might be expected - because of their improved
temperature susceptibilities - that they would be better than coal tar or asphaltic
materials ordinarily used for such purposes, Of particular interest in this con-
nection are some major efforts that have been made in Great Britain and, most
recently, in South Africa and the United States to employ coal-modxﬁed tars as

binders for bituminous highway pavements,

B:.tummous Roa.d Binders - Tar vs, Aspha.lt

- Binders used in pavements of - the bituminous concrete type are made.
either from petroleum, by the vacuum or steam reduction of petroleum residuals, or
from coal tar by straight distillation. to the required consistency or the fluxing of
coal tar pitch with tar oils, In the United States unfilled hot-mix binders of petro-
leum’ or1gm are called asphalts, paving asphalts or asphalt cements whereas in
Great Britain and various other countries they usually are referred to as bitumens,
asphaltic bitumens or petroleum bitumens to distinguish them from natural or syn- )
thetic mixtures of bitumens and fillers that are called asphalts, Inthe following
discussions unfilled asphaltic binders will be designated as paving asphalts or asphalt
cements., Coal tar binders, made either by straight distillation or the fluxmg of pitch
with tar oils, will be des1gnated as tar cements.

In general, asphalt cements have better temperature susceptibilities and are
less volatile at mixing, paving and atmospheric temperatures than tar cements. On
the other hand, tar cements have better adhesion to 'most road aggregates on
prolonged contact with water; are more resistant to chemical alteration by water;
are dissolved or softened less by petroleum lubricating. oils, - jet fuels and gasoline;
produce more permanently skid resistant pavements and are not as susceptible to




56. age hardening within pavements that are densely graded or tightly sealed so that

oxidation or evaporation of the binder is minimized,

Experience, both in the United States and abroad, has shown that excellent
pavements of the bituminous concrete type can be constructed either with asphalt
cements or with tar cements, However, different mixing and paving techniques are
required. For example higher aggregate drying and mixing temperatures are needed
when asphalt cements are used to insure substantially complete removal of all
moisture from the aggregate and to fluidize the asphalt cement sufficiently to insure
rapid and thorough coating of all aggregate particles, Lower temperatures should be
used for tar cements to avoid excessive volatilization of tar oils with consequent hard-
ening of the binder. With tar cements it is possible to use lower aggregate and mixing
temperatures because they will tolerate considerably more moisture in the aggregate
than asphalt cements, Also because tar cements are suificiently fluid at the lower
temperatures to insure satisfactory mixing and paving operations, '

Anocther important difference in the preferred construction techniques for
pavements containing tar or asphalt cements has to do with aggregate gradations.
For best results, tar cements should be used with densely graded aggregates so
thet the finished pavements wlll be substantially voldless (3-5% residual air
voids). Should a slight excess of tar binder in the mixture cause flushing of
binder to the surface, the thin film of tar cement, on hardening, will be worn off
by traffic. This will expose the angular particles of aggregate to produce a skid-
resistant pavement surface. Because of the density of the compacted mixture, evapora-
tion of oils from thin tar films below. the pavement surface 1s prevented and little
or no alteration of the tar binder occurs. On the other hand, a somewhat more open
aggregate gradation may be used with asphalt binders. If sufficilently dense mixes
are used so that flushing occurs, this mist be held to a minimum to avoid the
development of slippery surfaces when wet.

Methods For Improving Tar and Asphalt Binders

Various methods have been used or tried with a view to improving both tar
and asphalt binders. In the case of asphalt cements such efforts have been directed
mainly toward better adhesion to aggregates in the presence of water by the admix-
ture of certain chemicals or tar oils, greater skid resistance by the addition of coal
tar pitch and less '"age hardening" through the use of better manufacturing proced-
ures including the selection of raw materials, '

Efforts to improve tar cements have been directed almost entirely toward
the improvement of their temperature susceptibilities, The method most commonly
employed, especially in Great Britain and Germany, has been the addition of paving
asphalts to tar cements, Usually the asphalt content of such mixtures has been
about 15-25 per cent but ac high as 40 per cent has been used with some mid-
temperature coal tars such as are produced by vertical retorts, In the latter case
some improvement in binding capacity as well as temperature susceptibility is ex-
pected. As yet, this method has not been used extensively in the United States,
largely because the asphalt cements produced in this country vary widely with respect
to compatibility when mixed with tar cements derived from high-temperature, coke
oven coal tars, When stored and used at the high temperatures employed at hot-mix
paving plants such mixtures may or may not segregate or sludge depending upon the
type of petroleum from which the asphalt was derived and the method of reduction
used in its manufacture,
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The addition of small amounts of synthetic rubber to coal tar cements is
another method that has been used to some extent for improving their temperature
susceptibilities. They have been used most extensively at airports where asphalt
surfaces have been damageéed excessively by jet fuel spillage, Aprons or runways
constructed with rubberized tars, in addition to being jet-fuel resistant, deform less
at high temperatures and are less likely to crack at low temperatures under heavy .
loads and impacts., However, the addition of rubber to the tar does not reduce its
volatility and the rubberized tar binder must be stored and used at the lower temper-
atures recommended for usual tar cements. '

Another possible method for improving tar cements is the one that will be
reviewed in this paper, namely, coal-in-tar dispersion.

The Dispersion of Coal as Coalln Tars and Oils

The fact that coal as coal, at temperatures below those at which chemical
decomposition of the coal begins, can be dissolved or colloidally dispersed in cyclic
hydrocarbons such as coal tar, water gas and oil gas tars, or chemicals, oils and
pitches derived therefrom was recognized, almost forty years ago, by HaroldJ. Rose
and William H, Hill. From investigations started about 1924 in the Mellon Institute
laboratories of the Koppers Company, Pittsburgh, Pennsylvania, they found that at
digestion temperatures preferably in the approximate range of 300 -320C, bitumin-
ous coal appears to dissolve in tars and tar oils, or their combinations, without
chemical decomposition of the coal. The end product is a pitch-like material which,
depending upon the kinds and proportions of ingredients used, may have temperature
susceptibilities substantially better thanthose of pitches made from coal tar, water
gas tar or oil gas tar by usual distillation procedures. Presumably, as the diges-
tion product cools to atmospheric temperature, the coal, which had dissolved in the
digestion medium at the digestion temperature, comes out of solution to form a gel-
like, colloidal dispersion of the coal in which, except for insoluble mineral ash, no
particles of the 'original lump or pulverized coal are visible with a microscope at
magnifications of 400 - 500,

The laboratory investigations of Rose and Hill resulted in the issuance of
several United States and foreign patents to them with assignment to The Koppers
Company., Their first patent1 of this kind was issued in Great Britain in 1928, The
laboratory studies were followed by extensive pilot plant and field investigations in -
which the Research Division and the Tar Products Division of The Koppers Company
collaborated, Many possible outlets for coal-in-tar dispersions were investigated
but most successful was the development by Koppers of superior enamels and coat-
ings for steel structures, marine piling and transmission pipe lines for oil, gas and
water, Their superiority over other coatings used or proposed for use on buried
pipe lines was_established by service tests conducted jointly by The American Petro-
leurmn Institute“s The American Gas Association and The U.S. Bureau of Standards,
In those tests, which were started in 1930 and concluded ten years later, pipe nip- .
ples coated with the various test materials were buried at fourteen locations in the
United States and specimens were inspected at yearly intervals, Koppers! coal-
digestion product, designated as Komac, behaved so favorably that its commercial
productign was started by the Wailes, Dove, Hermiston Corporation, maker of
Bitumastic enamels and coatings, following the disclosure of manufacturing proce-
dures to them by Koppers., Other commercial uses for coal digestion products were
tried, less successfully, by the Koppers Company but they did not include highway
construction or maintenance materials, except for a few field tests that were made
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with coal digestion pitches as brick and concrete pavement joint fillers, The first
efforts to use coal-in-tar dispersions as road construction materials were made in
Great Britain,

British Experiments with Coal-modified Tar Road Binders

In 1929 a British pa.tent3 was issued to the South Metropolitan Gas Company,
London, (Pickard and Stanier)on a process for making a tar product with improved

"temperature-mobility" characteristics, As in the case of the British patent!
issued to Rose and Hill (Koppers) in 1928 the process consisted in dispersing coal

in tar at about 300 C but the South Metropolitan Gas Co, patent was directed speci=
fically toward making an improved road material or a substitute for mixtures of
tar and asphaltic bitumen (paving asphalt) for road-making and like purposes by
dispersing not more than fifteen percent of bituminous coal in coal tar, Tar suit-
able for the purpose was made either by partial distillation of crude coal tar to
drive off lighter oils which would be lost during the digestion process at approxima-
tely 300C or by distillation of the crude coal tar to pitch and subsequent adjustment
of the latter by the addition of tar oils.

. A second British pa.tent4 was issued to South Metropolitan Gas Company
(Herbert Pickard) in 1930, It claimed the mixing with stone of a tar binder of the
coal dispersion type described in the preceding patent to produce a road surfacing
mixture of the hot-mix, hot-lay, asphaltic concrete type,

Detailed information gained from their investigations was furnished by
Evans and Pickard in a treatise” published by South Metropolitan Gas Company in
1931, It contained a large amount of valuable information about (1) The
Relationship Between Temperature and Consistency of Coal Tar (2) The Prepara-
tion Of Asphaltic-Like Substances From Coal Tar and (3) The Consistency of Pitch-
Like Substances,

According to personal communications recently received by the author,
additional experiments involving the use of coal-in-tar dispersions were made in
Great Britain in 1945 by the South Eastern Gas Board (formerly known as South
Metropolitan Gas Company), As in the earlier experiments, the purpose of the
tests was to substitute coal-in-tar dispersions for tar-asphalt blends for dense tar
surfacings, Asphalt suitable for the purpose was expensive and in short supply at
that time, but shortly thereafter it became more plentiful again and work on the
coal dispersion bingers was discontinued,

Also, according to personal communications, the Coal Tar Research
Association of Great Britain made additional tests in 1956 thatwere directed toward
the improvement of tar binders for use in dense surfacings on airfields. Coal was
digested in a mixture of coal tar pitch and topped coke oven tar heavy oil, Labora=- )
tory tests were said to be encouraging but, when small test sections of pavement 1
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were laid, fuming was reported to be somewhat excessive and large scale service
tests were not attempted, '

Coal-Modified Tar Binder Experiments in South Africa

In a pa.per6 published in October 1959, Dr. H. Karius and Dr. E. J. Dickinson
reported the results of investigations which they had conducted in Pretoria, South «
Africa as a part of the program of research of the Bituminous Binder ResearchUnit,
National Institute for Road Research, The purpose of the work was ''to find means
of decreasing the temperature susceptibility of viscosity and the brittleness at low
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temperatures of road tars derived from steel works coke-oven crudes at least to
the level of that of straight-run petroleum bitumens', Concerning coal-in-tar
dispersions, their observations may be summarized as follows:

1) Road binders with temperature susceptibilities of viscosity and brittleness at
low temperatures similar to those of bitumen (asphalt) resulted from the digestion
of certain types of South African coal in tar especially in concentrations of 10-15
percent by weight,

2) The combined effect of coal and synthetic rubber on tar or pitch is greater
than the sum of their separate effects, With coal present, the amount of synthetic
rubber needed to equal the flow characteristics of asphalt is minimized or, by dis-
persing both coal and synthetic rubber in tar or pitch, flow characteristics superior
to those of asphalt are obtainable. However, when coal is present it is necessary to
add a substantial amount of high-boiling coal tar oil to reduce the viscosity of the

“dispersion when It is to be used for road construction purposes. -

3) Either the GR-S (styrene-butadiene copolymer )} or the Buna N (butadiene-
acrylonitrile) type of synthetic rubber may be used in conjunction with coal to im-
prove the rheological properties of tar but the GR-S type must be added in latex
form. ’

4) Synthetic rubber, especially of the Buna N variety, when added to pitch-asphalt
mixtures, appeared from laboratory tests to act as a stabilizing agent so that any

. pitch-to-asphalt ratio might be used without causing incompatibility in the heated

mixture, Also heat-stable pitch/oil/coal/asphalt/rubber blends were prepared by
mixing a coal/pitch/oil blend with a rubber/asphalt blend, Both natural rubber
latex and Buna N latex were used in this manner.

Heat stable blends of the types mentioned above were described in a South
African patent a.pplica.tion7 filed in June 1958 by Karius and Dickinson and assigned
by them to the South African Council for Scientific and Industrial Research,

During and after the laboratory investigations of Karius and Dickinson,
single-seal applications of tars and asphalts, with and without the addition of coal
and polymers, were made on highways near Pretoria so that they might be compared
and evaluated under actual service conditions. Reports on the outcome of those
field tests have not yet been published.

American Investigations of Coal-Modified Tar Road Binders

Curtiss-Wright and Kentucky Highway Department Tests

The most recent attempt to develop improved binders for bituminous concrete
pavements by the dispersion of coal in tars and oils was made in the United States, In
the Fall of 1958 the Curtiss-Wright Corporation, whose research and development
laboratories were located at Quehanna,” Pennsylvania in the heart of a bituminous coal
mining region, decided to explore this possibility after conferring with members of
the U, S, Bureau of Mines, Bituminous Coal Research Inc, and others., Because of
the successful use of coal-in-tar dispersions as pipe line enamels, which the Koppers
Company was known to have developed following the researches of Rose and Hill, it
was thought that similar techniques could be employed for the production of improved
road binders. -

Curtiss-Wright was aware of the early work along similar lines that was
done by the South Metropolitan Gas Company in England but was not aware of themore
recent experiments by the South Eastern Gas Board and by the Coal Tar Re-~
search Association in Great Britain or by Karius and Dickinson in South. Africa,
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Articles describing those investigations had not yet been published. In fact, nothing
was found in the literature which would indicate that anyone had commercially pro-
duced satisfactory coal-modified tar binders for highway construction purposes.

Laboratory tests which began at Quehanna in January 1959 were continued,
without interruption, for almost two years, During the latter half of 1959 they were
supplemented by pilot plant and full scale highway service tests in Kentucky in which
the Curtiss-Wright Corporation and the Kentucky State Highway Department collabo-
rated. The laboratory work at Quehanna and also the design, construction and
operation of the Kentucky pilot plant was, for the most part, directed by Mr. S.H.
A. Young, Chief Development Engineer of the Curtiss-Wright Research and Develop-
ment Department; the Project Leader at Quehanna during most of the two year period
was John Horai; Frank Soriero was manager, for Curtiss- Wright, of the pilot plant
and field operations in Kentucky and E.O. Rhodes assisted Curtiss-Wright in a con-
sulting capacity both at Quehanna and in Kentucky, The Kentucky mixing and paving
operations were supervised by the Highway Research Laboratory, Kentucky Depart-
ment of Highways, of which Dean D. N, Terrell was the Director and Mr. W. B. Drake
the Associate Director. An independent study and evaluation of the various binders
produced and used in the Kentucky experiments was made in Washington, D.C. by
The U.S.Bureau of Public Roads. The results of the Quehanna, Kentucky and Wash-
ington investigations were reported at the 41st annual meeting of the Highway
Research Board, Washington, D, C. in January 1962 in preprints of papers by
Rhodes®, Drake?, and Halstead, Oglio and Olsen "=, Following is a condensed
summary of the information furnished by Rhodes concerning the Quehanna and
Kentucky experiments,

Preliminary Quehanna Investigations

During the first six months of 1959 many laboratory tests were performed
by Curtiss-Wright at Quehanna, Pennsylvania in which coal dispersions were made
with different coals, tars and oils under varying conditiods of time, temperature
and pressure, From a large number of formulations tried, two were selected for
comparison with a typical 70-85 penetration asphalt cement and with a representa-
tive sample of tar cement meeting ASTM specifications for RT-12 grade road tar.
The latter was made by straight distillation of high temperature, coke oven coal tar.
One of the coal dispersions, {(CW=-II), contained 10.8% bituminous coal from the
Freeport seam near Quehanna, Pa, and 89.2% of the RT-12 tar cement. The other
(CW-III) contained 11, 4% Freeport seam coal, 64,.4% RT-12 tar cement and 24.2%

- high-boiling coal tar oil (m.m.t. 5% distillate to 315C and 70-75% residue at 355 C),

In each case the coal, dried and pulverized to pass 100% through a 100 mesh sieve,
was mixed with the RT~-12 road tar or RT-12 plus high-boiling coal tar oil, the mix-
ture was heated, with agitation, to 600F (315.5C), maintained at that temperature
for one hour, cooled to 400 F and withdrawn from the autoclave into containers, The
autoclave was vented to the atmosphere throughout the run, Neither pressure nor
reflux was required to obtain complete dispersion of the coal in the tar or mixture
of tar and oil. ’

_Laboratory tests indicated that each of the coal-modified tar cements (CW-
II and CW=-II) should be superior to the 70-85 penetration asphalt cement w:.th

‘respect to insclubility in jet fuels and also adhesion to aagregates in the presence

of water; furthermore, it appeared that they should be superior to the RT-12 grade
tar cement but somewhat inferior to the asphalt cement from the sta.n&po:.nt of" vola-
= T

tility at usual asphalt mixing and paving temperatures, (&Abﬂ
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Comparative tests on Marshall briquets made with the various binders
gave the following results:
Marshdll . stabilitiés.. at 140 F of briquets made with the coal-modified tar ce-
ments (CW-II and CW-III) were approximately 50% higher than those of the asphalt
briquets and 100% higher than the stabilities of RT-12 briquets.

Immersion in water for 96 hours at 120F caused the Marshall stabilities of bri-
quets made with CW-I1I, CW-III and RT-12 to increase 9%, 88% and 14% respectively
whereas the stabilities of the asphalt briquets decreased 17%.

After heating for 72 hours at 140 F the stabilities of briquets containing CW-III
decreased only 3% and impact resistance at 32F increased 32%. The stabilities of
the asphalt briquets decreased 20% and their impact resistance at 32 F decreased
26%.

The jet fuel solubility of the CW-III bnquets was only 2% as compared with 38%
for the asphalt briquets,

The asphalt briquets were somewhat superior to those made with coal-mod:.ﬁed
tar binders with respect to impact resistance at 32 F and evaporation loss on heating
for 72 hours at 140F.

On the whole it appeared from the preliminary Quehanna experiments, that
improved binders for bituminous concrete pavements could be made by the modifica-
tion of a standard grade of coal tar cement (RT 12) with bituminous coal or bituminous
coal and high boiling coal tar oil, Public announcements to the effect were made by
Curtiss-Wright in April 1959 and shortly thereafter they contracted with the Common-
wealth of Kentucky to produce 150, 000 ga.llons of coal modified tar cement for experi-
mental use in that state,

Kentucky Pilot Plant -

A pilot plant to make 1500 gallon batches of coal-modified tar cement was
designed by Curtiss-Wright and it was installed and operated by them at Frankfort,
Kentucky during the latter half of 1959. Operation of the pilot plant was as follows:
RT-12 grade road tar, pulverized Kentucky coal and high-boiling coal tar oil were
transferred to a 1500 gallon digester from tank cars or tank trucks; the mixture

‘was heated as rapidly as possible to 600F, with agitation but without reflux, and

maintained at that temperature for one half hour; by means of an internal water-
cooling coil the temperature was reduced to 400F and the finished binder was trans-
ferred to storage or transports., No major difficulties were encountered in the
operation of the pilot plant in this manner,

. During the construction of the pilot plant fifty four coal samples from east-
ern and western Kentucky coal mines were analyzed and tested on a miniature scale
for digestibility in RT-12 at Quehanna. Three of the samples, selected as being
representative of eastern and western Kentucky coals, were made into two and three
component type binders (CW-1I and CW-III). The latter were mixed in varying pro-
portions with representative samples of Kentucky aggregates to establish the opti-
mum binder content for Kentucky Class I hot-mixes in which they were to be used,
By agreement with the Kentucky Highway Research Department a binder content of
7.0 percent was first used and later changed to 6.9 percent, '

During the period between August 13th and November 7th 195§ one hundred
and four batches of hot-mix binder, totalling approximately 150, 000 gallons were
made in the pilot plant. One hundred batches (144, 000 gallons) were of the three

component type (CW-III) with the following average composition, 81% RT-12, 11%
high-boiling coal tar oil and 8% coal; two batches (3, 000 gallons) of the two component
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type (CW -II) contained 96% RT-12 and 4% coal, and two batches (3, 000 gallons)
contained only RT-12 which was heated to 400 F in the chgester before delivery to
test sites.

Kentucky Field Tests

The CW-III type binder was delivered to fourteentestsitesinvarious parts
of Kentucky. At twelve of the sites the binder wasused in 1-1/2 inch Kentucky,
Class I overlays on existing black top pavements which, for the most part, had re-
quired a large amount of maintenance because of base failures or the development
of slippery-when-wet surfaces. At the other two test sites the CW-.III binder was
used in hot-mix that was laid 2-3/4 inches thick over tar-primed soil roads in ac-
cordance with Kentucky, Class I Modified Base specifications.

The CW-II type binder was used at only one location (8 miles soﬁth_ of
London) in a 1-1/2 inch overlay of the Class I type.

The RT-12 road tar was used in a short 1-1/2 inch Class I overlay at the
above location and also in a 2-3/4 inch, Class I, modified base near Bowling
Green for comparison with the CW-IIL type of binder.

The hot mixes were made in eleven commercial, hot-mix plants of which six
were batch and five continuous. No major difficulties were encountered at any of
them in the use of the coal-modified binders.. Also, except for somewhat excessive
fuming when paving temperatures exceeded 260 F, paving operations by nine different
contractors were very satisfactory even though atmospheric temperatures varied
from about 27F to 100F during the construction period.

However, service results from the various test pavements were not entirely .
satisfactory. After the first winter, which was unusually severe, considerable sur-
face abrasion, (due in part to tire chains), and cracking was observed particularly .
at center joints and near the edges where the new overlays projected beyond the
original pavement surfaces. Cracking was particularly noticeable at locationswhere
the 1-1/2 inch overlays were placed on old and unstable black top pavements that
had required extensive maintenance in former years. It was obvious that the over-
lays containing the CW -III type binder (coal, RT-12 and high-boiling oil) were too
hard and brittle and did not have ernough flexibility, particularly at low temperatures,
for use over unstable pavements.

At the one location (8 miles south of London) where overlays containing
asphalt, RT-12, and each type of coal-modified tar binder (CW -1I and CW -III) could
be compared under identical conditions, it appeared that the one containing only
RT-12 was least satisfactory because of excessive bleeding during summer months,
the section containing CW -III binder (coal, RT-12 and oil) was too brittle and inflex-
ible and the section containing the CW-IIL binder, (4% coal plus 96% RT-LZlcothared
_most favorably with the asphalt control section. It appeared to have more flexibility
and less brittleness at low temperatures res and a greatér tendency to "self-heal" in hot
weather, without bleeding excessively, than the CW-IIl binder made with 8% coal,
81% RT-12 and 11% oil.

Soon after the test sections were laid it was apparent that the coal-modified
binders should have been somewhat softer, i.e,, their initial ASTM penetrations at
25C should have been higher, a somewhat greater proportion of each should have
been used in the hot-mixes, and lower mixing and paving temperatures should have
been used to minimize hardening due to the evaporation or sublimation of some of
the tar oils. With a view to making further improvements, the Quehanna investiga-
tions were directed along the following lines during most of 1960.
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By comparing the absolute viscosities, at different temperatures, of the
four binders used in Kentucky it was concluded that mixing and paving temperatures -
in the range of 200 -250 should be adequate for coal- mod1f1ed binders of the CW -II
and CW-III types. -

Ten percent dispersions of coal in RT-12 were made with a large number of
coal samples from various locations in North America, South America and Japan.
Their softening points (R & B) varied from 40C to 65C but they all appeared to
have approximately the same temperature susceptibilities in the range of 25 to32C.
For these tests, 25 gram portions of each coal were dispersed in 225 grams of RT-
12 by Heating the mixture, with agitation and reflux of condensible vapors, to 600F
for one hour. The results were comparable to those obtained from Quehanna auto-
clave and Kentucky pilot plant digestions. »

Low, medium and high temperature coal tars distilled to RT-12 consistency
were compared as dispersing media for Freeport seam coal. The distilled low tem-
perature tar was unsatisfactory but dispersions made with RT-12 from two medium
temperature tars compared favorably with a dispersion of the coal in RT-12 from
high temperature coke oven tar.

Various polymers were added to a modified coal dispersion of the CW -III
type (coal, RT-12, and oil}). Included in these tests were Hycar latex, natural rub-
ber latex, reclaimed rubber, Neoprene powder, Neoprene latex, Butyl rubber, Vis-
tanex and Thiokol LP-3. Most of the mixtures sludged or crusted on heating at
325F for five hours. Vistanex, Butyl rubber and Thiokol were best in this respect
and appeared to effect some improvement in the temperature susceptibilities of the
coal modified tars.

Three aromatic oils of petroleum origin were tried, in place of high boiling
coal tar oil, as plasticizers or fluxes but were incompatible when the mixtureswere
heated.

Promising results were obtained by adding high-penetration, petroleum re-
siduals {180 -200 or 250 - 300) to a dispersion of coal in RT-12. Temperature sus-
ceptibilities, particularly in the range below 25C appeared to be substantially
improved.

A sand blast method of test described by Rhodes and Gillander in 1936 11
appeared to be especially suitable for measuring the brittleness of hot mix binders
particularly at low temperatures.

Bureau of Public Roads Investigations

As previously stated, the U.S. Bureau of Public Roads made independent
studies of the asphalt, RT-12 and coal-modified tar binders used in the Kentucky
experiments. They found that the temperature susceptibility of the CW-III binder
was slightly lower than that of the RT-12 but not as low as the temperature suscep-
tibility of the Kentucky 85-100 penetration asphalt cement; the absolute viscosities
of the coal-modified tar binders were intermediate between those of the RT-12 and
the asphalt cement; when subjected to thin-film oven tests the losses from CW-III
were somewhat lower and retained-penetrations were somewhat higher than those
of RT-12 but asphalt cement was better than either in both respects; oven ageing
at 140 F for 30 days caused the Marshall stabilities of briquets made with the differ-
ent binders to increase as follows, RT-12 439 pounds, CW-III 2248 pounds, asph-
alt cement 336 pounds; development of structure or reversible hardening took place
to the greatest extent in the coal modified binder (CW -III), to a lesser extent in the
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k. asphalt cement and, apparently not at all in the RT -12 when thin films of each were
sealed between glass plates and heated at 110F for 13 days; immersion of quartzite
briquets in water at 120F for 18 days caused those containing CW-III to lose 8% in
strength and to swell 0,2% whereas decrease in strength for asphalt briquets was
44% and swell amounted to 1. 4%; unconfined compression tests indicated that the
coal modified tar binder should provide higher stabilities than the asphalt cement at
any temperatures encountered in service, At 0°F the stabilities of specimens con-
taining RT-12 and CW-III were about double the stability.of the asphalt specimens
and were in the range of strength of Portland cement concrete, In general the
Bureau of Public Roads report concluded that coal-modified tar binders, such as
those made by Curtiss-Wright, should be considered as improved tars that would be
expected to perform better than unmodified tars in a number of applications but nor-
mal precautions should be employed when using them rather than attempting to substi-
tute- them for penetration grade asphalts.

Conclusion

Although major efforts have been made in Great Britain, South Africa and the
United States to use coal-in-tar dispersions as highway construction materials, com-
mercial success has not yet been achieved, A large amount of important information
has been contributed by the investigations conducted to date but additional work is
needed particularly along the following lines,

Methods for determining the temperature susceptibilities and, particularly,
the brittleness at low temperatures of bituminous, hot-mix binders that have been
used by previous investigators in this field should be compared and, if necessary, a
new method should be developed. A few tests by Curtiss-Wright indicated that a sand-
blast method might be especially suitable and additional tests should be performed,
Also better methods for evaluating and comparing bot-mixes containing asphalt and
coal-modified binders should be selected or developed in order, by means of labora-
tory tests, to predict most accurately the service lives of the finished pavements.

Formulations for road binders of the coal-dispersion types should be further
improved. Most needed in this connection are better and less expensive plasticizers
for use in place of high-boiling coal tar oil. Some of the materials which should be
considered in this connection are water-gas and oil-gas tars and distillates there-
from, low-temperature and mid-temperature tars and tar oils and also petroleum
distillates, extracts and residues. High boiling oil from heavy water gas tar is
known to have good possibilities in this connection and tests made by Karius and
Dickinson and also by Curtiss-Wright indicated that soft (high-penetration) asphalts
should be especially interesting.

Continuous, rather than batch digestion of coal should be tried, Heretofore
batch methods have been used exclusively for the commercial, pilot plant and labora-
tory dispersion of coal-as-coal in tars and tar oils, However, finely pulverized coal
dissolves so rapidly and completely that continuous digestion with inexpensive equip-
ment should be practicable,

Also the use of coal modified binders in highway subgrades and bases as well.
as surface courses should be tried. Because of the high strengths of mixes contain-
ing thern and because of their extreme resistance to destruction by water, superior
adhesion to aggregates and ability to penetrate soils and damp or dusty aggregates,
coal dispersions made with coal tars and tar oils should be especially suitable for
subgrade and base stabilization whereas coal-in-tar dispersions containing materials
such as high penetration asphalts might be more suitable for use in surface courses,
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SFFECT OF AGCREGATE O CCHIG OF BIMER I P‘_‘.I‘ROL_.‘L COM..—P‘ C3 MNITTURES
Le Girolemi

Aluminium Leboratories Limited, Arvida, Quebec

During investigation of pitches, it was observed that when pitch and calcined
petroleun coke were mixed together and heated at about 130°C, the paste showed
striking differences; its appearence varied from wet and sticky to sandy and dxy, as
proportions of the two components were changed. The transition was sharp, and the
binder: agzregate ratio at which it occurred varied for a number of ritches, in some
cases even for pitches of similar softening points. It was also found that increasing
the temperature intensified the interaction between pitch and aggregate and enhanced

ifferences in gppeerance of the heated mixtures. These qualitative observations
vere followed by quantitative tests inwolving preheating steps at temperatures below
LOCOC followed by a coking treatment at 550°C. Several mixtures were prepared
containing from 30 to TO% of -200 mesh calcined petroleun coke in increments of 3 to
105. After thorough mixing, the mixtures were placed in porcelein crucibles fitted
with a 1id and the whole was imbedded in calcined petroleum coke inside a nickel
crucible. After heating for 30 minutes at 2000C and 30 ninutes at 300°C in a muffle
furnace, the mixtures were coked at 550°C for two hours. The percentage of ori@.nal
vitch converted into coke was calculated from the total carbon residue corrected for
the original weight of aggregete; weight loss of the sggregate itself was negligible.

FIGURE 1, illustrates the effect of preheating on the amount of pitch coke
formed during the coking step. ¥ith no preheating, the yield of pitech coke remgins
feirly constant over the entire range of binder:aggregate ratios, and is substan-
tizlly the same as the coking value of the pitch determined separately. With the
mixtures preheated at 200 and 3009C, the results are quite different. For hich
contents, variations in pitch coke yield are not significant. However, when the
pitch content decreases to a point - which we call the "saturation point" - where
the mixture presumably 1s no longer saturated with pitch, the pitch coke yield
increases suddenly up to a level at which it remains fairly constant even with further
reduction in pitch content. The sherp increase in pitch coke yield coincides with
the visible change in the appearance of mixtures mentioned previously.

The shape of the curve and location of the saturation point are influenced by
whe particle size of the aggregate as shown in FIGURE 2. The heating prograrme was
also found to be critical, especially in the range from 200 to LOOOC where the pitch
is extremely mobile and shows high wetting vower towards the aggregate.

The increase in amount of pitch coke formed might be atiributed to the retention
of increasing quantities of wolatile pitch fractions as the aggregate proportion in
the misz increases; however, this increase in pitch coke yield would be expected %o
be gradual =nd not as sudden as the actuzlly observed chenge. On the other hand,
increasing the aggregate particle size results in a flattening of the curve indicsting
that surface area is also a factor. This if further supported by our findings that
the increased coke yield occurs only with surface-zctive materials such as Fuller's
earth and molecular sieves, whereas it does not so with a materizl such as glass
powder which exhibits no surface activity. Surface area alone cannot, however,

ffer a corplete explanation. The Fact that the sharp increase cen be obtained only
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after pitch:aggregate mixtures have been given s preheating treatment should also

be taken into consideration. Prehesting probzably permits pitch to displace the air
or other gases ebsorbed by the aggregate end to enter into better contact with the
letter before being coked. When colking is carried out without preheating, any geses
esczping from the aggregate surface presumably interfere with the interaction
between the two camponents. Other factors are undoubtedly involved and consequently
no full e:plenation can yet be offered for the increase in pltch coke yield vhen
binder and petroleum coke are mixed end heeted under controlled conditions.

THe technigue described ‘avove provides sn azdditional test for camparison of
binders from different sources or of different types; TABLE 1 lists some results
obtained and shows that saturation point tends to vary with quinoline insoluble
content, but cannot be related to softening point or coking value. The procedure
can also be applied to comparison of aggregate cokes, and in certein cases 1o
estination of binder requirements.
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Pitch Coke Yield After Coking at 550°C, %

Pitch Coke Yield After Coking at 550°C, %
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EFFECT OF PREHEATING ON PITCH COKE YIELD IN BINDER: AGGREGATE MIXTURE
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EFFECT OF PARTICLE SIZE OF AGGREGATE ON SATURATION POINT AND CURVE
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TABLE 1

PINCEES FROM VARIOUS SOURCES
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Source(a) Pitch(b) % Pitch at Softening Point Col:f_v'xg(C) Guinoline
Type Seturation Point | Cube-in~-Air, °C | value % Insoluble §
A CTP 75 100 62 29
€9 - 1357 5 2l
7 111 62 hRiS
5T 99 55 12
53 102 55 L
3 CT? 57 50 L5 13
5k 115 53 5
53 ne 55 5
53 o7 52 8
c CIF 57 109 58 11.
53 107 56 8
D CTP 59 103 57 1
o) cop 57 92 57 13
F 2 v o4 109 5k 3
Lo 1k 56 2
G 7P 50 13 54 0

(2) Letters represent different pitch producers.

(v) cr?
PP

cozl-tar pitch
petroleum-base pitch

nou

(¢) By reguler coking value method. Ref. Fuel, XXXVII,

382-392 (1958)




Pipeline Gas from 0il Shale by Direct Hydrogasification

H. L. Feldkirchner and H. R. Linden
Institute of Gas Technology
Chicago 16, Illinois

INTRODUCTION

The gas industry has been studylng methods for the production
of natural gas substitutes from coal and petroleum oils. Processes
for direct conversion of these fossil fuels to high heating value
gases consisting largely of methane are in an advanced stage of
development (6,7). In the case of oil shale, exlsting technology
would involve a preliminary retorting step to produce crude shale oil,
and refining to prepare a sultable feed for contimuous destructive
hydrogenation (hydrogasification). It was reasoned that a direct oil
shale hydrogasification process might be preferable because of
potentlally higher conversion of the organic matter to gas, and
elimination of a mumber of process steps.

Feasibllity was shown for direct hydrogasification- of the
organic matter in Green River oll shale. High heatlng value gases
were produced (1,9,13) in batch reactor tests at 1300°F. at 1200 to
5500 p.s.i.g.,and with 100% of the stoichiometric hydrogen requlirement
for complete conversion of the organic matter to methene. About 90%
or more of the organic carbon plus hydrogen content of the oill shale
was converted to methane and ethane.

In these tests, the path of the hydrogenolysis of kerogen
was only partially indicated at the long heatup times and long gas
residence times encountered in the batch reactor. Only the slower
final breakdown of higher gaseous paraffins to methane and ethane
could be observed. It was also not possible to measure overall re-
action rates and precisely determine the effects of temperature.
Preasure effects were obscured by changes with tempsrature and degree
of conversion.

The present work was conducted in a reactor system in
which o1l shale heatup times and exlt gas holdup times in the heated
portion of the reactor were of the order of a few seconds. After
leaving the reactor, the reaction products were cooled rapidly to
minimize further reactions. '

Three separate test series were conducted. The first
test series consisted of semiflow tests with short gas resldence
times. The purpose of these tests was to measure the rate of kerogen
conversion to gaseous products and the rate of mineral carhonate de-
composition. The second test series was conducted with a bed of
inerts downstream of the oil shale charge , to simulate hot-spent
0ll shale in a cocurrent flow reactor and to provide time for
secondary vapor-pnase hydrogenolysls reactions. Here, the overall
space veloclty which gave methane and ethane as the major products
was determined. The third test seriles consisted of simulated contimous
feeding tests to measure the average lnstantaneous rates of productlon
of gaseous hydrocarbons at controlled hydrogen-to-oll-shale feed ratios.

EXPERIMENTAL
Apparstus

A schematic disgrem of the semiflow reactor system is shown
in Figare 1. The reactor contained a self-sealing, modified Bridgman.
closure at each end and was 2 inches in inside diemeter, 4 inches in
outside diameter,and 60 inches in inside length. The reactor barrel,
constructed of Unlloy N-155 super alloy, was rated for operation at a
meximim temperature of 1700°F. at 1500 p.s.il.g. The closures were
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rated for a maximum temperature of 1400°F. at 1500 p.s.l.g. Satis-
factory closure operation was obtained with both 16-25-6 and Inconel-X
seal rings. A boundary lubricant of molybderum disulfide, applied in
aerosol form, was used on all closure threads and on the seal rings to
prevent galling. This reactor has been completely described elsewhere(1l)
along with design details which describe the use of externally heated
regctors at combined high temperatures and high pressures.

An Inconel-X thermowell of 3/8-inch outside diameter, with a
12-gage wall thickness and 58 inches long, was mounted axially in the
bottom closure. The thermowell could contain up to five 0.040-inch
outside dlameter thermocouples. Thermocouples wére chromel-alumel,
magnesium oxide Insulated, and enclosed in a swaged Inconel sheath.

To provide for complete containment and recovery of the oil shale
residue, the reactor was provided with a removable stalnless steel in-
sert, 1-5/8 inches in inside diameter by 1.990 inches in outside dia-
meter and containing a 1/2-inch outside diameter thermowell sleeve.

‘fne reactor was heated by means of an electric resistance .
furnace containing four separately controlled heating zones, consisting
of four rectangular heating elements, 7 inches wide and 12 inches long.
Temperatures were controlled manually during tests but were controlled
by pyrometric controllers during reactor heatup. Each temperature
was recorded at approximately 3-second intervals by means of a high-
speed potentiometric temperature recorder during the test period.

A feed hopper was mounted directly above the reactor and was
provided with a vibrator to aid oil shale feeding. A full-opening,
eir-operated ball valve was installed between the hopper and the
reactor. A second hopper contained a rotating-drum type feeder,which
was driven by a variable speed drive, for continuous oil shale feeding.

Feed hydrogen flow rates were controlled mamially and were
measured by means of an orifice meter. The orifice pressure and the
reactor pressure were recorded contlinuously. The feed hydrogen was
preheated to reaction temperature within the reactor. EXxit gases
passed through a water-cooled coll, a liquids knockout pot, & high- -
pressure filter and a pressure-reducing back-pressure regulator, before
belng sampled, metered and monlitored. A sampling manifold was in-
stalled upstream of the metering and monitoring system. The exlt gas
specific gravity was monlitored by means of a recording gravitometer.

Materlals

In all tests, the feed hydrogen contained an accurately
measured small amount of helium, usually 1-2 mole %, as a tracer for
exit gas flow rate measurement. The gases were mixed during compress-
ion and stored 1n high-pressure cylinders at pressures up to 3000

Commercially available grades of electrolytic hydrogen
%99 8% pure) and helium (99.99% pure) were used. The oil shale used
in all semiflow *tests was supplied by the Union 0il Company An
analysis of the oll shale is given in Table I.

Procedure

The semiflow experimental technlque employed in the majority
of the tests followed closely that employed in coal hydrogenolysis
studies described recently (2,11). Most tests were of 15-minmite
duration or less. After the reactor was heated to the desired -
operating temperature, the unit was pressurized and gas flow was
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started. Heat inputs were then adjusted until all recorded reactor
temperatures remained constant. When flow rates, temperatures, and
pressures had been stabilized completely, the feed gas was sampled.
Tests were initiated by opening the quick-opening ball valve connecting
the hopper and the reactor. The vibrator mounted on the hopper was
started only a few seconds before the start of the run to avoid
compacting the oll shale charge.

The feed gas orifice callbration was checked before each run
with a wet test meter. Exit gases were also metered with the wet test
meter during each test, as a check on the flow rates calculated using
the helium tracer. The exlt gas specific gravity record was used as

.an ald in selecting times for exit gas sampling; in tests conducted

to similate contiruous operation, it was also used to check the length
of the o0il shale feedling period, since it was not always possible to
obtain positive proof of the initiation of solids feeding.. Gas
analyses were performed by mass spectrometer. Except for the last
three tests conducted in the series to simlate contimuous operation,
combined values for nitrogen plus carbon monoxide are reported, because
of the 1nability toc distingulsh precisely between these two gases by
the mass spectrometer. In the last three tests, carbon monoxide was
also determinéd by infrared spectrophotometer and nitrogen was obtained
by difference. )

In the first series of tests, single charges of oil shale
welghing from 10 to 200 grams were fed. These charges were allowed to
fall freely from the hopper,which resulted 1n a charging rate of about
7 grams per second. Small amounts of high-purity alumins inerts,up
to 4 inches in depth, were placed in the reactor before the run to
support the shale charge and to position it in the center of the third
reactor heating zone. Temperatures were recorded for thermocouples
located at the center of the oil shale charge and at a point 6 inches
above the charge to show whether the feed hydrogen was being preheated
completely before reaching the charge.

Table I.-ANALYSIS OF COIORADO OTL, SHAIE

Sample Designation h770
- Type Colorado, Mahogany Zone
Source Union 0il Company
Particle Size,
U.S. Standard Sieve -0;+20
Analyais, wt. %
(dry basis) d
Moisture a 0.3
Organic Carbony lK.4E
Mineral Carbon .8
Hydroge 2.36
Organic C/H Wt. Ratio c 7.4
Fischer Assay 0il, gal./ton
dry shale 35.9

a. ASTM method D271-58 adapted in accordance
~with technique of Grace and Gauger (3).

b. Method A-3, U. S. Bureau of Mines. _
¢. Modified method of Stanfield and Frost (14).

d. 0On oven-dry basis (dried for 1 hr. at 105°-
1310°C.).
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Since the void volume in the bed of inerts was smsgll, exlt
gas holdup times in the system downstream of the reaction zone were
small. At typlcal operating conditions of 1300°F., 1000 p.s.i.g.,end
100 SCF per hr. feed hydrogen flow rate, the total exit gas holdup.
time was only about 10 seconds, based on the appearance of the first

-hydrogasification products in the exit gas sample. Gas residence

times in the reactor proper at these conditions were less than 5 ° :
seconds. During the initial period of high rate of hydrogasification,
gas samples were taken at intervals as short as 5 seconds and there-
after at time intervals sufficiently small to delineate the entire
course of the reaction. The last gas sample was usually taken at 480
seconds, at which time its methan? content was less than 0.1 mole #%.

The second serlies of tests was conducted with larger amounts
of alumina inerts below the o0il shale bed to provide sufficlent
residence time for the primary reaction products to undergo further
hydrogasification after leaving the reaction zone. Sufficient alumina
inerts, to similate spent shale, were placed in the reactor prior to
each test to give a total bed volume (oil shale plus inerts) of
0.02 cu. ft. 8Since gas flow rates were varled from 10 to 200 3CF per
hr.,the feed hydrogen space velo¢ity varied from 500 to 10,000 SCF
per cu. ft. bed-hr., and exit gas holdup times ranged from about 200
to about 10 seconds, respectively. Temperatures of the center of the
inerts and of the bottom of theoll shale charge were recorded. Herse, as
in earller tests, gas samples were taken at those time intervals re-
quired to delineate the entire course of the reaction.

In the third series of tests, contimous operation was
simulated by semlcontirmious feeding of oll shale. In the first few
tests, olil shale was fed by opening the ball valve,connecting the
reactor and feed hopper, eve 15 or 20 seconds for 1 second and for
total charging times of from 465 to 840 seconds. In later tests, con-
ducted with a rotating drum-type feeder, oil shale feed rates were
about 5.5 pounds per hour. Approximately 0.0l cu. ft. of alumina
inerts was placed in the reactor prior to each of these tests to
minimize changes in feed hydrogen space velocity accompanylng bed
volume changes, and to provide a zone simlating a bed of spent oil
shale whereln primary reaction products could be further reacted. This
resulted in a total bed volume {oil shale plus inerts) which increased
to a final value averaging about 0.02 cu. ft. Since, in these tests,
the inlet hydrogen-to-oil-shale ratio was varied by varying gas
flow rates, the exit gas holdup times also varied. Temperatures of
thebottom of the oll shale bed, of the bottom of the inerts,and of the
center of the final oil shale bed were recorded. Gas samples were
taken during and after the feeding period.

BExploratory Tests

Exploratory tests to select the proper combinations of oil
shale sample weights and feed hydrogen flow rates were made at 1300°F.
and 1000 p.s.i.g.

To approach isothermal as well as differential reactor
conditions, 1t was necessary that the smallest oil shale sample
weights be used for a given feed gas flow rate which still permitted
accurate product analysis. However, it was also necessary to maintain
a sufficient sample size so that representative samples of the highly
heterogenous feed could be prepared by riffling of larger batches.
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Feed gas flow rates were set as high as possible to keep the
residence time of the reaction products in the exit gas system small
so ag to minimize secondary vapor phase reactions. This also minimized
backmixing of reaction products in the exit gas system and oil shale
particle heatup times. A feed hydrogen flow rate of 100 SCF per hour
was calculated to be the minimim gas flow rate which could be used,
agssuming complete mixdng in the exdt gas system, without distorting the
true relationship between reaction rate and time. : ’

With 50- and 25-gram samples,the maximum exit. gas hydrocarbon
concentration was too high at this hydrogen feed rate, and temperatures
changed toa greatly to allow the assumption of differential and
lsothermal reaction conditions. In tests with 10-gram samples, exit
gas hydrocarbon concentratlons and reaction zone temperature changes
approached practical ldmiting values. With such small semples, how-
ever, quantitative recovery of liquids was not possible.

The observed rates of conversion may have been largely a
function of heat transfer. The lack of accurate thermophysical data
for oil shales makes calculation of particle temperatures difficult.
However, heat transfer calculatlions indicated that the -8, +20 U.S.S.
size oll shale particles would be preheated to at least 1100°F. in
falling from the hopper through the top two reactor heating zones.

As shown in Figure 2, there were large increases in the
specific rate of conversion, expressed as pounds of carbon as gaseous
aliphatic hydrocarbons formed per pound of organic ¢arbon fed per hour,
wlth decreases in sample weight. Therefore, to obtain differential
rates of reaction, i1t was necessary to prepare a cross-plot of reaction
rates versus sample welght at selected levels of organic carbon con-
version. By plotting on semilogarithmic coordinates (logarithm of
reaction rate versus sample weight) a family of curves was obtained
for the parsmeter, percent conversion. These curves approached
straight lines as sample welghts approached zero so that reasonably
good rate values for zero sample weight could be obtained by linear
extrapolation. Reaction rates obtained by this cross-plotting technique
are shown in Figure 3, as a function of conversion. ’

RESULT'S
Single-Charge Tests at Short Gaseous Product Residence Times

A series of tests was conducted at temperatures of 1100°,
1200°, 1300° and 1400°F. to measure the effect of temperature and
conversionto gaseous aliphatic hydrocarbons on the rate of con-
verslon of organic carbon (Figure 4). These results show a large
increase in rate with increases in temperature. The effects of
Increases 1n temperature and hydrogen flow rate on gaseous and
total product distribution are shown in Figures 5 and 6. The
gaseous aliphatic hydrocarbon yields, and the percentage of paraffins,
increased with increases in temperature and decreased with increases
in feed hydrogen flow rate. The variation of liquid ylelds was the
opposite of gas yilelds. These results indicate that the major steps
in the hydrogenolysis of kerogen are:

1) Kerogen decompositlionwith initial formation of
intermediates at least partially recoverable as
liquids at very short residence times and/or low
temperatures.
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2) Pyrolysis, hydrogenation and hydrogenolysls reactions
leading to gasecus aliphatic hydrocarbons of decreasing
molecular weight and, finally, ethane and methane, along
wlth some aromatic liquids. : _

A comparison of the gaseous molecular hydrogen consumption
with the elemental gaseocus hydrogen balance 1s given in Figure 7. At
Jow levels of organic carbon conversion to gaseous aliphatic hydro-
carbong, the amount of hydrogen donated by the oll shale is approxi-
mately equal to the amount of feed hydrogen consumed. Thus, pyrolysis
and hydrogenation reactions probably occur similtaneously. At high
conversion levels, no accurate measurement can be made.

Rates of carbonate decompositlion were also measured, although
separate infrared spectrophotometer analyses were not psrformed for
carbon monoxide. Mass spectrometer analyses indicated, however, that
nitrogen was negligible in comparison to carbon oxides. The strong
increase in decomposition rate with increase in temperature 1s shown
graphically in Figure 8. These rates are much higher than those
measured by Jukkola and others (4) in nitrogen or carbon dioxide at 1
atmosphere. This may be due to the more rapid oll shale heatup and
the lower concentration of carbon dioxide 1n these tests. The large
increase in decomposition rate between 1200°F. and 1300°F. is probably
due to the combined decomposition of both magnesium carbonate and
calcium carbonate above 1200°F. Jukkola and others (4) found that
calcite in oill shale begins to-dissociate at 1150° to 1250°F. Since
the molar ratio of calcium carbonate to magnesium carbonate is 2.3 In
thls oll shale any rate differences in a transition from a reglon where
only magnesium carbonate decomposes at & measurable rate to one where
both carbonates decompose measurably fast would be accentuated. It
would -be desirable to minimize mineral carbonate decomposition in large-
scale processing since the decomposition reactions are endothermic and
part of the feed hydrogen 1s consumed by reaction with part of the
carbon dioxide formed. Equilibrium carbon dioxide partial pressures
for magnesium and calcium carbonate breaskdown, shown in Figure 9,
indicate that it might be feasible to inhibit calcium carbonate de-

. composition, but not magnesium carbonate decomposition,by maintaining
. a high carbon dioxide partiel pressure.

M 8ingle-Charge Tests at long Product Resldence Times

4 There weére several shortcomings in the above tests. First,
!  product residence times were short and Iiquid and olefinic gaseous
b, hydrocarbons were major products. Second, product residence times

' 1in the reactor could not be practically controlled since they were

. a function of many other variables (e.g.,temperature, pressure, flow
» rate and oll shale sample size). For process design purposes, 1t is
;  necessary to show the effects of variables under conditions where

» gaseous paraffins are the primary products.

Therefore, the test program was supplemented by tests using
a bed of inerts downstream from the oll shale bed to simlate spent
oll shale in a practical reactor system, which would allow further
1 conversion of higher molecular weight hydrocarbons to gaseous
L paraffins. As can be seen 1n Figure 10, the above obJective was met
in these tests. The fractlion of gaseous hydrocarbon carbon appearing
as methane plus ethane was about 80 % or more over the entire
. range of space velocitles employed. In addition, only about 2% or
b less of the gaseous hydrocarbon carbon was nonparaffinic,

————— -
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The results shown in Figure 10 are conslstent with the . *
reaction sequence described earlier. At the lower feed hydrogen space
velocities, the conversion to gaseous hydrocarbons was reduced by coke
formation due to the lack of sufficlent hydrogen. At the higher feed
hydrogen space velocities, the conversion to gaseous hydrocarbons
reached a nearly constant value. The slight decrease at the highest
feed hydrogen space veloclties was accompanied by an Ilncrease in
Ilquids, which indicates that productas resldence times were insufficlent
for conversion of liquid intermediates to gaseous hydrocarbons. The
apparent increase in the maximum rate of conversion to gaseous hydro-
carbons wlth increases 1n feed hydrogen space veloclty above 5000
SCF/cu. ft.-hr. was primarily the result of increased linear velocity
of the raplidly formed intermediate reaction products. Backmixing
effects were found to be negligible over most of the range of flow

rates studled (5).

Simulated Contimious Tests

In view of the important effect of the hydrogen-to-oil-

shale feed ratio on product distribution, the semiflow techniques

were modified to permit control of this varisble. Initially, small

batches of oll shale were fed at frequent intervals onto a fixed bed

of inerts. Results atill showed an apparent effect of feed ratlio above

100% of the stolchiometric requirements for conversion of the organic

matter to methane, which was unexpected on the basis of oll hydro- ’1

gasification results (8,10,12). However, these tests showed the |

expected negligible effect of an increase in total pressure from i
|
{

1000 to 2000 p.s.li.g.

Further tests at 1200° to 1400°F. and 1000 p.s.l.g. were
then conducted with a contimuous feeding system in which oll shale was
charged at a nearly constant rate for 510 seconds,corresponding to an
average oll shale realdence time of about 5 mimutes. Thms, the
hydrogen flow rate increased linearly with hydrogen-to-oll-shale
ratio. As shown in Figure 11, instantaneous organic carbon gaslifica-
tlion at hydrogen-to-oll-shals feed ratios ranging from about 100 to
22;% of stoichiometric remained nearly constant and averaged 63 to
64%. Total organic carbon gasification measured during the 1000-1100
second run perlod was about 70%. The organic carbon distribution in
the residue and the aromatic liquid products was about 13%
each, at the lowest gas rate. The organic carbon in the residue
decreased with an increase in hydrogen feed rate, as would be expected.
All yleld and organic carbon distribution data are uncorrected for
low carbon balances (92 to 96%).

i Higher converaions to gaseous hydrocarbons could, of course,
be obtained by increasing oll shale resldence times, although the d
maximm would be about 85 to 90% since a minimm yleld of aromatic ‘
ldquids of 10 to 15% would be expected from previcus experlence
in hydrogasificatlon of petroleum hydrocarbons simillar in composition 4
to kerogen (8,10,12).
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Chemical Structure of Bituminous Coal
Peter H. Given

Dept. of Fuel Techmology, Pgnnsylvania State University, University Park, Pa.

Introduction

The purpose of this paper is to survey present knowledge of the structure of coals
in such a’ way as to provide a useful background to consideration of the production of
chemical by-products. In addition some deductions will be drawn from structural
knowledge about the probable contribution made by different coal components and by
different parts of the structure to the volatile matter evolved on carbonization.

Since the survey has only this limited objective, no attempt will be made to treat
the subjectlefhaustively; and since detailed, fully documented, reviews have appear-
ed recently ’", a full bibliography is not provided.

Examination of a sample of coal with the naked eye or under the microscope
reveals that the material is apparently heterogeneous. There are bands of different
reflectance running through the coal, and even minute areas scanned microscopically
show a variation of optical properties; moreover, there are regions showing various
types of fossilized plant remains. These components have been classified in various
ways, and there is no universally agreed system; moreover, the subject is complex
since a large number of alleged components have been distinguished. The term "alleged"
is used in recognition of the fact that the significance of a component can only be
established to the satisfaction of coal scientists at large if it has been separated
physically and shown to differ appreciably in chemical and physical properties and
in carbonization behavior from material associated with it in the whole coal. The
real significance of many componments has not yet been established in this way.

For present purposes it will be sufficient to postulate that bituminous coals
are composed of three major "maceral" groups, which, in the common European terminol-
ogy are known as vitrinite, exinite and inertinite. The term "inertinite" refers to
components inert in carbonization; "inert" does not imply that the materials undergo
no chemical reaction, only that they do not soften or swell on heating and contribute
little to the volatile matter. Vitrinite is quantitatively the most important
maceral, accounting for probably 60~80% of most worked coals, and it is the material
primarily responsible for the characteristic coking behavior of higher ramk bituminous
coals., Coals relatively rich in the other components are known, but they are rare
in the U.S.A.; nevertheless, even in minor amount, they can make significant con-
tributions to the properties of the whole coal.

In what follows, the structure of vitrinites will be considered first. Se far
as possible the conclusions stated will be based on work with pure macerals, but
some evidence relative to vitrains (bright bands of coal'seams, normally containing
80-957 vitrinite) will be used where it seems improbable that the character of broad
qualitative conclusions could be altered by the presence of small amounts of petrograph-
ic impurity. After the consideration of vitrinites, available evidence on structural
differences between them and other macerals will be reviewed; at this point some
comments will be made on the sub-components of the main maceral groups.

The Structure of Vitrinites
It has long been believed that vitrainous coals are predominantly aromatic in

structure. The partly aromatic nature of coals is established qualit Civei{ b{
the presence of certain bands in their infra-red spectra. However, fulles




and most convincing evidence on this point comes from the study of the scattering of
x-rays by coals. The interpretation of the scattering data is a difficult and
complex business, and no complgtely adequate treatment has yet been devised. The
method most recently published™ makes use of a curve~fitting procedure, in which

the scattering curve calculated for various hypothetical models is compared with

the curve observed experimentally. Of the models tested, the one that gave the best
fit required the supposition that in bituminmous vitrinites a majority of the carbon
was organized into aromatic nuclei containing on the average 2-3 fused rings. For
reasons that need not be discussed here the published work does not permit any accurate
estimate of the fraction of carbon atoms in such systems nor any information about
the other carbon atoms. The indications from the x-ray work, and the study of infra-
red spectra, are that the aromaticity is between about 60 and 857, increasing with
rank, though lesser figures are possible. Further work may alter this estimate but
is unlikely to change much the sizes of the nuclei quoted above.

In view of its obvious importance, much ingenuity has been expended in trying
to devise methods of calculating the aromaticity from such physical properties as
density and refractive index by "physical constitution analysis", For what they are
worth, the results are in accord with the figures just given.

Non-aromatic carbon must be presumed aliphatic, and indeed the infrayred spectra
of vitrinites demonstate that aliphatic material is present. J, K. Brown was able
to estimate the ratio of aromatic to aliphatic hydrogen in a series of vitraims
from the spectra, and his values have recently been confirmeg with a small revision
towards higher values) by nuclear magnetic resonance studies™ . It appears that
vitrains of carbon content between 80 and 90% have the ratio Har/Ha rising from
about 0.20 to 0.50, that is between 80 and 50% of the hydrogen is a%tached to
aliphatic carbon atoms. The proportion of hydrogen in methyl groups cannot be
measured by infra-red methods, but the relative intensity of the methyl vibration at
1375, cm. " indicates that these groups are rare compared with CH,. Nm.r. data confirm
this~, and indicate a fair proportion of tertiary — CH. The spectra show that in the
lower rank coals, the aromatic nuclei are highly substituted.

Many workers have studied phenolic hydroxyl in coals, by a variety of methods
(see refs, 1, 2 for a review). It is established that between 40 and 807 of the
oxygen in bituminous vitrinites is present at this type of functional group.. Most
of the balance of the oxygen is in some form of strongly conjugated carbonyl .

Several groups of workers have investigated the dehydrogenation of hydroaromatic
structures in coals, and it is now certain that much of the aliphatic hydrogen is
attacBefOto such structures rather than to alkyl groups or other forms of alicyclic
rings”’ The proportion of hydrogen removeable by two different dehydrogenation
reactions falls from about 30-40% at a-carbon content of 82-847 to 12-257% at 89-90% C.
These figures correspond to minimum fractions of carbon in hydroaromatic rings in
the region of 30 and 12% respectively. These data, together with n.m.r. and infra-
red spectroscopic results, indicate that in the average composition of the aliphatic
part of coals, CH , n is considerably less than 2, at least for the lower rank
materials. This Implies, though does not prove, that very little hydrogen or carbon
can be present in alkyl groups or non-hydroaromatic alicyclic rings (it should be re-
called that there is no evidence of the presence of olefinic or acetylenic groups
in coals, which could also lead to a low value of n).

The,molecular weights of coals are not known; determinations with solvent
extracts” give values between about 500 and 3000. Therefore each molecule must
contain a number of aromatic nuclei, linked tOgeEhT5 by non-aromatic groups. Attempts
to make a synthesis of all the above information™’ show that it is difficult or
impossible to suggest any type of molecular structure that does not employ the hydro-
aromatic carbon as a means of linking the aromatic nuclei. The most obvious expression
of this principle is the 1,2~ and 1,4-cyclohexadiene ring present in the 9,10-dihydro-
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phenanthrene and -anthracene molecules respectively, where two benzene rings are
linked by two methylene groups wh}ch complete a third, non-aromatic, ring. Other
possibilitieflhave been discussed”. The "depolymerization" experiments of Heredy
and Neuworth™~ also strongly suggest that the aromatic nuclei are linked together
by methylene bridges, though here there is no necessary implication that these
constitute hydroaromatic rings. )

We have therefore arrived at the following picture of the structure of bituminous
vitrinites. Each molecule contains a number of aromatic nuclei containing from 1 to
5 or 6 fused rings, the majority containing 1,2 or 3 rings. Each aromatic nucleus
contains few replaceable hydrogen atoms. The substituents are partly phenolic hydroxyl
and carbonyl oxygen, and partly aliphatic carbon atoms that are disposed imn such
@ way as to constitute hydroaromatic rings and to serve as linkages connecting the
aromatic nuclei together. 1In addition there is a minor proportion of short alkyl
chains and perhaps non-hydroaromatic alicyclic rings (the latter includes the
cyclopentadiene ring system as found in indene and fluoreme). Such molecules would
be very markedly non-planar. As an illustration of what is meant by this description,
Fig. 1 shows a segment of a hypothetical coal molecule.

It should be noted that on this view each coal molecule is a true statistical
sample of the bulk material, in the sense that each contains all the known structural
features in approximately the same proportions. The older view of coal structure
as a kind of strawberry jam, containing lumps of graphitic material embedded in a
continuous medium, the bitumen, therefore becomes meaningless. Furthermore, in the
model proposed thealiphatic and aromatic parts are so intimately integrated in the
molecular units that one cannot label one part as tar-forming and another as coke-

forming.

Structure of Exinite and Inertinite Materials

The exinite or leiptinite suite includes a group of components not derived, like
vitrinite and fusinite, from woody tissue. The most abundant member of the group,
about which most is known, is sporinite, the remains of plant spores (indeed, the name
exinite is often used to mean only this type of material). Sporinite contains con-
siderably more hydrogen, andless oxygen, than the associated vitrinite. It is less
soluble in organic solvents, more resistf&t to oxidation, and has a lower aromaticity
(see the excellent review by J. K. Brown  and references therein). A group of
spore exinites from British coal seams was found to contain more hydroaromatic hydrogen
(corresponding to a minimum fraction of hydroaromatic carbon equal to about 0.4) than
the associated vitrinites; less phenolic hydroxyl was foTBd, both as a fraction of
the weight of coal and as a fraction of the total oxygen ~. The aromatic nuclel are
about the same size as those in vitrinites, but themean interlayer spacing is large
suggesting that fsequent occurrence of naphthenic structures keeps the planes apart™ .
It was concluded that sporinites probably contain the same type of molecular structure
as vitrinites, but that the molecules are larger, less polar and more hydroaromatic,

Exinites have a highly characteristic behavior on heating. Of whatever rank,
they soften at around 400° and acquire a fluidity much too high to be measured with a
Giessler plastometer. ven 607 exinite concentrates have fluidities greater than
20,000 divs per minute . They swell enormously to a thin fragile bubble structure,
which is so weak that a dilatometer piston sinks and resolidification cannot be observ-
ed this way. The loss in weight in the volatile matter test is much greater for
exinites than for vitrinites and is in many cases 70-80%.

Little is known of the other members of the leiptinite suite. Resinite, the
remains of- plant resins and waxes, is widely distributed in samll amount, and also
appears to be hydrogen-rich and very fluid when beated. The other components, cutinite
(from cuticles), alginite (found only in boghead coals) and sclerotinite (from fungal
sclerotia) are probably of little importance for present purposes.

The inertinite group contains two major components, fusinite and micrinite.




Fusinite closely resembles charcoal; its carbon content is always over 91%,,4t does
not show fluidity or swelling, it contyibutes little to the volatile matter ~, and
chemically it is relatively unreactive ~. Micrinites have appreciably higher carbon
and lower hydrogen contents than the associated vitrinites, though the difference is
not so extreme as it is with fusinites. The aromatic nuclei are larger than in
vitrinites. Both micrinites and fusinites are virtually opaque to infra-red radiation,
and so no spectra have been reported. Both macerals undergo substitutim with

N bromosuccinimide, a reagent specific for placing bromine on aliphatic carbon in the
o-position to a double tond (e.g. the methyl groups in prggy}gne or toluene); this
suggests that at least some aliphatic material is present ™~ (see Table I). Both
also contain some phenolic hydroxyl. Micrinites do not swell or become fluid on
heating. -

For convenient reference some properties of sets of macerals each separated from
one seam are collected in Table I. TIwo German and four British coals are included;
no corresponding data have yet been published for Americam coals so far as the author
is aware. Data will be found in the Table that suppqrt'the statements made above about
differences in elemental composition, hydroxyl contents, etc. It will be noticed
that the exinites associated with British and German vitrinites of closely similar
rank differ considerably in yield of volatile matter.

Unfortunately reflectance data are not available for the samples quoted, and
so some refractive indices are included as an indication of optical properties.

Chemical Changes on Heating

Little direct experimental evidence is available on this subject, but available
information can be usefully supplemented by the results of experiments on models and
by predictions from the type of structure believed to be present.

The phenolic hydroxyl content ?g bituminous vitrains drops sharply to low values
when the coal is heated to 450-50Q°"°. Preliminary experiments on two vitrains, using
Peover's method with benzoquinone™, suggest that the hydroaromatic ngrogen content
also drops sharply in a similar or somewhat lower temperature range . The infra-red
spectra of vitrains heated to 400° shows little chagge, except that the aliphatic
C-H and phenolic OH absorption are slightly weaker™ . By 460° aliphatic CH is much
weaker, and OH slightly so; the Ha /H_. ratios of two vitrains of carbon contents
82 and 89% had reached 2.4 (valueS fotr the unheated coals were about 0.25 and 0.6
respectively, and for the higher ramk coal heated to 400°, 0.8). By 550° both OH
and aliphatic C-H are very weak, but the aromatic C-H bending frequenciesat 700-900
cm. ~ are still well-defined. Above this temperature the coals become opaque, owing
no doubt to incipient graphitization. No significant changes in x-ray scattering
are observed until a vitrain has been heated tg.500°, at which temperature the growth
of the aromatic nuclei begins to be noticeable™ . Between 500 and 1000° there is
further continuous growth, the average layer diameter of ome sample, for example, in-
creasing from,7A® to 14A°. It will be recalled that the free radical content of
vitrain chars® passes through a sharp maximum at-500-550°, the maximum rate of
volatile evolution occurs at about 450°, and electrical conggctivity increases
sharply (by many orders of magnitude) in the range 600-650°"".

Dryden and his co-workers have studiel the primary products of the evolution
of volatile matter from vitrains by two methods: (a) study of the chloroform-~soluble
material extractable from coals heated very rapidly to temperatures mear 400°;
(b) distillation or pyrolysis of coals spread in thin layers on a heated plate in a
high vacuum, a condenser being placed just above the plate. They find the extract
and distillate to have closely similar infra-red spectra, and to resemble the original
coal spectroscopically much more closely than a tar. These materials appear to
play an important part in producing fluidity and resolidification to a coke when a
coking coal is carbonized. They conclude that the materials mostly exist as such in
the raw coal and are only to a small extent products of decomposition. However,
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they are thermally unstable, and in carbonization at a more normal rate of heating
they would undoubtedly decompose im situ to a considerable extent.

The temperature of maximum rate of inafile’evolution is about the same for
exinites and micrinites as for vitrinites ™’ Ladam and Alpern carbonized a
vitrinite concentrate and an exinite concentrate from the same coal seam at 600°
and made a detailed analysis of the volatile products by vapor-phase chromatography.
They found the products from the exinite concentrate to contain much more aliphatic
material, more benzene homologues, more side-chain-substituted aromatics and less
phenols. This result is in accord with the differences in structure believed to
exist between the starting materials, and implies that the process of thermal de-
composition does not, at least in their conditioms, blur the effects of differences
in structure.

It is well-known that the C-0 bond in phenols is considerably weaker than the
C-C, and that the C-H bond in the aliphatic parts of hydroaromatics is weaker than
aromatic C-H. It is therefore reasonable to suppose that when molecules of the type
attributed to vitrinites are heated, the primary changes will be homolytic dis-
sociation of OH groups and loss of hydrogen from naphthenic rings, the latter result-
ing in thermal aromatization. It is likely that in an assembly of large complex
molecules of the type described, where the changes of configuration required by
aromatization may be difficult, that some of the hydroaromatic bridges will split
rather than dehydrogenate; this may be the means whereby the aromatic material found
in tar is broken off the main structure. These various changes will produce in the
first instance OH radicals and H atoms, and leave free radical centres in the main
structure, which would initiate further rearrangement and decomposition.

It is well known that little molecular hydrogen is evolved from coals until
temperatures near 600° are reached. The hydrogen released by thermal dehydrogenation
at lower temperatures must be consumed in saturating free readical centres in the
volatile matter and the residue.

These ideas receive some confirmation from a series of experiments og.the
pyrolysis of model substances reported by van Krevelen and his co-workers ~. These
authors synthesized a number of polymers containing various substituted and unsub-
stituted aromatic nuclei linked and cross-linked by methylene bridges. They found
that, on pyrolysis, unsubstituted hydrocarbon polymers showed a maximum rate of de-
composition at about 500°, and split extensively at the bridge units, leaving little

solid (coke) residue. On the other hand polymers containing naphthenic rings, or still

more if they contained phenolic hydroxyl substituents, showed a maximum rate of de-
composition at considerably lower temperatures and left a much greater amount of coke
residue. They concluded that when substituents are present there is, competing with
the normal depolymerization reaction, a direct condensation proceeding as a result

of dissociation of the substituents, and the latter tends to produce molecular en-
largement. In support of this suggestion of competing reactions they adduce the
fact that when substituents are present the coke yield increases greatly with de-
creasing rate of heating. ’

There 'g one other factor that should be mentioned. The late D. H. Bangham
pointed out that volatile matter evolved inside a particle of coal may well have
to diffuse in a mobile adsorbed film in fine pores to the outside; while so adsorbed it
is exposed to surface forces that could promote secondary reactions and also could act

as a lubricant in promoting fluidity. Since porosity varies with rank, passing through

a minimum at a carbon content about 89%, the magnitude of these effects will also
vary with rank.

There is no experimental evidence bearing on the chemistry of the pyrolysis of
the inert macerals. From the mature of this structure one would deduce that some
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stripping of peripheral groups would occur, permitting condensation with neighboring
molecules, but little alteration of the basic skeletal structure, The behavior of
inert maceralSas seen with the hot stage microscope is beautifully demonstrated in
the color film prepared by W. Spackman and his collaborators. Exinitic material can
be seem to liquafy and flow round grains of inertinite, the morphology of the latter
remaining almost unchanged.

A Chemical Description of Carbonization

A synthesis of the information given above permits a fairly detailed description
of the main chemical phenomena of carbonization. The first major change is a soften-
ing of the "volatile solids", in Dryden's terminology, which, it is suggested, represent
the lower molecular weight, hydrogen-rich, fraction of the coal. This softening is
accompanied by the initiation of the decomposition of this fraction, and perhaps also
of the involatile residue, the primary step being dissociation of hydrogen from hydro-
aromatics, shortly followed by dissociation of OH. These chemical changes cause two
principal secondary reactions, one leaving a more aromatic hydrogen-poor material and
the other a breaking off of volatile partly aromatic fragments as a result of the de-
stabilization of the main structure owing to radical formation in it. A limited amount
of cross-linking may also occur, giving a more stable and less volatile residue.
These various changes, initiated by dissociation of H and OH, are more or less complete
by about 500-550°. By this stage, much of the oxygen has been stripped off and the
aromatic nuclei have not grown much in size but the molecules are more highly cross-
linked. Some of the free radical centres produced by decomposition remain as such,
"trapped" in the carbon matrix. '

At 600-650° enough energy is available to break a few aromatic carbon-carbon
bonds, so that the carbon skeleton can rearrange and condense to larger polycyclic
nuclei of lower H/C ratio, and hydrogen gas is released. These changes also permit
the pairing of the odd electrons in the free radical centres. The dramatic change
in electrical conductivity no doubt results partly from the growth of the aromatic
lamellae, partly from the elimination of insulating material between the lamellae,
and partly from a greater degree of order in their stacking.

These changes no doubt continue at a diminished rate at higher temperatures still,
and some of the oxygen, nitrogen and sulfur is stripped out.

This description probably has some application to sp0f§nites also, But it has
been suggested that there may be an additional factor here ~. The greater interlayer
spacing in exinites and the less polar nature of the molecules will cause the inter-
molecular forces of adhesion to be weaker than they are in vitrinites. This may be
an important cause of the greater fluidity of exinites and the facility with which
volatile matter escapes. Moreover, it will change the balance between van Krevelen's
competing reactions, that is, the direct breakdown and the condensation to larger units
resulting from dissociation of H and OH. In any case the ratio of hydroaromatic
hydrogen to hydroxyl is much greater in exinites than vitrinites.

Discussion and Conclusions

The relevance of the above information and speculation to the production of
chemical by-products from coal will be discussed with reference to hydrogenation,
carbonization, and other methods.

(a) Hydrogenation

It is possible by use of a carbon catalyst, an elevated temperature,and a
high partial pressure of hydrogen, to cause hydrogenolysis of alkyl groups in alkyl
aromatics without saturating the ring; for example:

R.CH, + H, - R.H + CH4.

3 2



90.

Ideally, this is in effect what one would wish to do in the hydrogenation of coal;

the hydroaromatic parts of the structure would be eliminated as methane and ethane

and the individual aromatic nuclei would be released as a mixture of relatively simple
phenols, hydrocarbons and perhaps quinones or quinols. However, if the 1,2-cyclo-
hexadiene type of linking unit, as in 9,10-dihydrophenanthrene, were common, stable
single linkages between aromatic nuclei would remain in the product. Thus for
example dihydrophenanthrene itself would give diphenyl and ethane, whereas the
isomeric dihydroanthracene would give benzene and methane.

There are of course practical difficulties in contacting solid coal with a
solid catalyst. For this reason, and because of the complexity of coal structure,
such selectivity of hydrogenolysis is improbable. It is more likely that partial
or complete saturation of the aromatic nuclei will precede any extensive hydrogenoly-
sis of the linking units. Once saturation occurs, we are left with an extended
naphthenic structure in which there is nothing to distinguish between the linking
and aromatic parts of the origimal structure(except perhaps some oxygen substituents
and heterocyclic atoms).

Perhaps, then, from a chemical point of view the best hope of breaking down
coal structuré to useful products by hydrogenation is to proceed in two steps, first
a catalytic addition of hydrogen to the aromatic parts, and them a cracking, perhaps
with a conventional cracking catalyst in a high-boiling oil.

The above remarks should apply equally to exinitic material. Im carbonization
one needs, in order to make a good coke, an optimum fluidity and not a maximum. In
view of the difficulties of reactions involving two solid phases, in hydrogenatiorn
the maximum fluidity is clearly desirable, and so the greater the exinite content of
the raw material the better. Indeed it would be desirable, if economically feasible,
to use a blend of a coal with a black durainor other exinite concentrate.

On the other hand the inert components are two graphitic to be at all readily
hydrogenated and broken down, and inasmuch as they will tend to decrease fluidity
are undesirable contaminants of the raw material for hydrogenation.

(b) carbonization

Carbonization of coal is carried out in the U;SIA. almost entirely for the
purpose of making coke, and it is doubtful how far the process can be modified merely
to improve the yield or quality of by-products. However, since the purpose of this
paper is to discuss the basic chemistry involved, this factor is ignored in what
follows. .

It seems likely that both the total yield of chemicals from coal carboniza-
tion and the content of useful materials will increase with the exinite content
of the charge, even though in commercial operatiom the volatile matter is exposed
to much secondary change. Since the yield of volatile matter from exinites is so
much (50-100%) greater thar that from vitrinites, the relatively small amount (10-
25%) commonly found in whole coals charged to coke ovens can make a very signifi-
cant contribution to the volatile matter collected. Moreover the differences in
behavior between different coals of apparantly similar rank may be due in part to
differences in their content of sporinite and resinite. The inert macerals will
decrease the yield, not merely because they are relatively inert diluents but also
because they are likely to be efficient free radical traps in the early stages of
the release of volatile matter.

Coking blends commonly contain the basic coal to provide the bulk of the coke
matrix, a comnonent designed to increase fluidity to the desired extent, and an
inert diluent to increase the coke hardness.  Clearly there are likely to be a
range of three-component mixtures that will give the desired result. It is at
least a theoretical possibility that one could select a mixture within the range
such that inertinite is used as little as possible as an inert diluent and exinite-
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containing material is used both to contribute fluidity and to increase the yield
of by-products. .

If still further departures from present practice can be considered, one
might carbonize, perhaps in a fluidized bed, in the presence of additives. Addi-
tives could be gaseous and include steam and a little air, or be a solid and con-
sist of a catalyst designed to assist the breakdown of volatile matter to simpler
material immediately on release from the coal particles. In any case if one
wishes to interfere with the carbonization mechanism in this or in any other way,
one must obviously do it in the dissociation stage (380-480°) or earlier.

(c) Other Methods

At one time it was thought that coal might be like a polymer in containing
a variety of monomer units linked together by a relatively weak bond, as in
cellulose. This view can no longer be maintained; in so far as it is just to
consideT coal a type of polymer, the linking units are not weak but very stromg.
The hopes of finding a simple economically feasible means of breaking the structure
down into useful chemicals as main rather than by-products are therefore small.
The depolymerization oflcoal with the boron trifluoride/phenol complex, described
by Heredy and Neuworth,” is a very interesting contribution to this problem and
will no doubt be developed further.

The classical organic chemist's answer to the problem of breaking down a
mixed aliphatic-aromatic structure is selective oxidation of the aliphatic parts.
It has so far proved impossible to oxidize coal selectively in this semse, but in
any case a range of aromatic acids will be the principal products; these may have
practical applications, but necessarily only in a strictly limited field. The
fluorination procedure described by Farendon and Pritchard?’ is another reaction
that might give chemical products useful in a limited field,

Provided the bulk of the products could be sold at chemical rather than fuel
prices, it might be possible to use exinite concentrates as raw materials for
chemical processing, and they possess certain advantages. This is a possibility
that should be explored further. The cannel and boghead coals are described as
being largely exinite, but in view of their different origin it seems doubtful
whether they are very similar to the exinite material associated with bituminous
coals, However, they might be useful starting materials.
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THE COMPOSITION OF HIGH TEMPERATURE COKE OVEN TARS

Donald McNeil

The Coal Tar Research Association
Gomersal, Nr, Leeds
England

Introduction

Until 1882 crude gas works tar was the only type produced in Great Britain
since, up to that time, coking plants were not equipped for the recovery of
by-products, The by=-product coke oven was first developed in France and
introduced at about the same time in Germany, Belgium and England, Its use,
coupled with the oil washing process for benzole recovery which was introduced by
Carves in 1884, was extensively adopted in Continental Europe but it took twenty
years for the advantages of by~product coke ovens to be appreciated in England,
Since then, however, coke oven tar production has increased year by year reaching
a peak in 1957 of 1,250,000 tons, For those interested in statistics the
following table shows the production of coke oven tar in the United Kingdom in
the years 1950 ~ 1960,

Table 1
Production of Coke Oven Tar in the U,K, 1950 -~ 1960
Year Tonnage Produced % of all Tar Produced
1950 931,127 35+55
1951 977,379 35.64
1952 1,032,361 _ 36.22
1953 1,056,767 37.10
1954 1,095,085 37.37
1955 1,101,294 3676
1956 1,191,129 38.33
1957 1,252,079 1 40-27
1958 1,164,554 40.03
1959 1,096,399 ©40.40
1960 1,187,205 42442
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About 150,000 tons of crude coke oven tar -is burned, the remainder is
distilled for the manmufacture of pitch, creosote, naphthalene, anthracene, some
benzene, toluene, xylenes and naphthas and phenol and cresylic acid. It will
be noted that coke oven tar accounts for about two-~fifths of the total tar
production in the U.K, The remainder in 1960 was made up of contimuous vertical
retort tar (42.85%), intermittent vertical retort tar (4.05), horizontal retort
tar (5-42%), low~temperature tar (2.08%) and other types (1.17%).

Coke oven tar thus represents an important raw material whose chemical
composition has been the subject of considerable study during the past sixty
year's, To date some 400 individual components have been isolated or identified
and it is probably safe to say that at least that mumber are still unidentified,
The vast majority of the components are present in very small amounts and can
never be of any commercial interest. It is not the intention in this paper to
recite a catalogue of the known components of high~temperature tars; many
exhaustive compilations exist, one of the most comprehensive and complete
being that compiled by K.C, Linepensel of Koppers Co, Inc,

Assays of Coke Oven Tars

Until recently, published analyses of coke oven tars took the form of
distilling the crude tar under rather empirical conditions into arbitrary
fractions which were intended to simulate the fractions obtained on commercial
practice, Frequently these fractions were given nonespecific names like
"light naphtha"™, "light creosote™, '"carbolic oil"™ etc, and the content of
major components such as naphthalene or phenol recorded were not those actually
occurring in the crude tar but the amounts of the component (frequently impure)
which crystallized from, or could be extracted from, one of these fractionms,
Since the distillation conditions and the degree of fractionation, the boiling
ranges of the distillate oils and the method of analysis of these oils for '
individual components differed for each worker, it is impossible to compare
the results of most of the published assays of coke oven tars and they contribute
comparatively little to our knowledge of its actual chemical composition,

A few assays of coke oven tars which determine the actual amounts of
commercially important components present have been published, for example
the examination of American coke oven tar by Welss and Downs' and of Australian
coke oven tars by workers at the Coal Research Section of the Commonwealth
Scientific and Industrial Research Organisation.2 Assays of this type on a
representative selection of U.K, coke oven tars have been carried out by The
Coal Tar Research Association during the past eight years and it is these

- which are described and discussed in geeater detall below,

The C,T,R,A. Assay Method

Preliminary work showed that the first stage of the method could be either
accomplished by solvent extraction or by distillation without altering the
yields of products except the pitch yield and the amount of tar acids and tar
bases, It was shown that about one third of the tar acids are retained as
complexes with tar bases in the residue on solvent extraction and are not



subsequently determined in the extract, Distillation was therefore chosen as
the preliminary fractionation procedure and the conditions selected were those
which, by trial and error, gave the same yield of medium soft pitch (70°C K & S)
as was obtained from the same tar on continuous distillation in a Wilton pipe
still,

5¢5 kilos of the crude tar are placed in a cast iron pot and heated gently
to 200°C to remove water and light oils, The latter are then fractionated on a
30 plate low hold~up column to give benzole (up to 100°C), toluole (100~125°C)
and xylole (125-150°C), The residue from this distillation is added back to
the dehydrated tar in the pot still and distillation continued at a rate of 14 g,/
minute until the vapour temperature reaches 358°C,

The oils from this primary separation step are then washed with alkali and
acid to recover tar acids and tar bases respectively and the neutral oils
fractionated on a 50 plate column at progressively reduced pressure to yield
seven fractions and a residue as follows:=~

Fraction 1 Naphtha fraction Boiling Range 150°C/760m. -~ 137°C/100 mm.
Fraction 2 Crude Naphthalene fraction " 137°c/100mm, - 145°C/100 mm,
Fraction 3 Methyl Naphthalene Oil " i n 145°C/100mm, - 155°C/50 mm,
Fraction 4 Diphenyl Oil fraction r " 155°C/50mm, ~ 168°C/50 mm,
Fraction 5 Acenaphthene Oil fraction " T 168°C/50mm, - 184°C/50 mm,
Fraction 6 Fluorene 0il fraction " " 184°C/50mm, - 150°C/20 mm,
Fraction 7 Anthracene Oil fraction " " 150°C/20mm, «~ 200°C/5 mm,
Fraction 8 Heavy Oil Resldue

Each of these fractiomns is then analysed by suitable chemical, spectroscopic
and/or chromatographic methods for the quantitative determination of its major
components,

The extracted tar acids are also subjected to high efficiency fractionation
and the individual fractions analysed by gas-chromatography for phemol, cresol
isomers and xylenols,

. 3
The practical details of this method have been published and are not given
here,

The Results of Assays of British Coke Oven Tars

For the purpose of this paper it will be sufficient to set down the highest,
lowest and mean values obtained for the content of major constituents in British
coke oven tars, This is done in Table 2, For comparison the corresponding
figures for some Canadian coke oven tars (average of 6) and one Australian coke
oven tar carried out by the C,T.R.,A, method are included.
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Table 2

Amount of Components in British, Canadian and Australian Coke Oven Tars
(Results are given as wt, % on dry tar)

Source British Canadian Australian
Max, |Min, Mean Max, Min, Mean
Benzene 0¢42 | 0+124 0.252 0297 trace 0-119 trace
Toluene 0+353| 0090 0.224 04467 | 0-008 0.148 0-14
o=Xylene 0.071] 0.020 | 0.037 0.133 0. 005 0.038
m=Xylene ' 0:175| 0056 0106 0-215 0. 009 0.069
p~Xylene 0.072| 0.020 0+.040 0.083 0.003 0.026 0-15
Ethyl Benzene 0+05 | 0.005 0.02 0:04 0.01 0.02
Styrene . 0-067]| 0..020 0.038 | 0:046 0.008 0,020
Phenol 1-15|0-14 Q.57 0.98 trace Q.61 1.03
oeCresol 0.84 | 0.10 032 Q.51 trace 025 0-28
m~Cresol 1.00 [ O-16 0.45 0.84 trace Q.45 0-49
p=Cresol 070 { 007 0-27 0+52 trace 027 0.25
Xylenols 1-30 | 0-13 0:48 085 0.01 0.36 0.34
High=Boiling
Tar Aclds 2.09 | 0.31 0.91 1.51 0.14 0.83 0+45
Naphtha 2+66 | 052 1.18 2.21 015 0.97 1.03
Naphthalene  {11-31 |7+29 8.94 15.30 3.08 8.80 9.44
of ~Methyl Naph
thalene 0«86 | 060 0.72 1.08 0. 37 0465 0.58
ﬂ ~Methyl Naph-~
thalene 1.63 | 1.15 1.32 176 065 1.23 1.16
Acenaphthene 1.28 | 0-42 0. 96 1.27 0.71 1.06 -
Fluorene 1.-80 | 0-46 0.88 1.29 0.47 0.84 " 1.90
Diphenylene
Oxide 2.00 | 1-40 1-50 - - - 1.00
Anthracene 1.38 { 0-52 1-00 1.01 0+47 0.75 0.68
Phenanthrene 8.8 2.3 63 3.00 2.14 2+66 2+32
Carbazole 1.73 | 058 1.33 1.23 0. 32 0.60 0.35
Tar Bases 2+60 | 1.25 1.77 290 1.08 2.05 1.34
Pitch (70°C
K& S) 63.3 H9-5 59.8 7085 [-52+4 635 62+4

The immediately striking feature of these figures is the variation they
show in the content of particular components. Thus the content of phenol
and cresols found in British coke oven tars can vary by a factor of ten;
naphthalene content can be as high as 11% or as low as 7% and the amount of
pitch produced on distillation may be less than 50% or greater than 60%.

The reasons for these variations in the amounts of individual components
in coke oven tars are not at present well defined. Qualitatively it may be
said that the nature of the coal, the design of coke oven, the carbonisation
conditions used and the nature of the recovery system at the carbonising



plant all play a part, The generally higher level of phenanthrene and carbazole
in British tars compared with the Canadian tars or the Australian tars is almost
certainly to be attributed to differences in the coal structure, Certain

British and Canadian tars, which show a low content of components boiling up

to 230°C (benzene, toluene, xylemes, naphthas, naphthalene and phenol), are L
products of plants which operate their by-product recovery system in such a way

that more of the volatile carbonisation products are scrubbed from the gas and

less precipitated as tar. Generally speaking high naphthalene content, high pitch {
yield and 'low tar acid content go hand-in-hand, except for tars produced from low
volatile coals e.g. Welsh steam coals, These are characterized by a high
naphthalene and phenanthrene content but a low pitch yield. . 1

It may be noted in passing that the tars produced in continuous gas-works
vertical retorts are mich more uniform in composition, 1

The large variations in the content of valuable components which can occur
in coke oven tars is of more than theoretical significance, To the operator
" of coke ovens tar is tar, an unwanted by-product which he seeks to get rid of *
in any way he can, But to the tar distiller it is the raw material which must
be transformed into products which can be sold at a profit, Changes 1in operation
or in the blend of coal carbonised may occur at coke ovens which affect the nature
of the tar produced. The first indication which the distiller has of these i
changes is when his fractionating column is thrown out of balance or when his p
naphthalene or tar acid production mysteriously drops. His first reaction is to /1
{

suspect that his distillation and recovery plant have fallen in efficiency and
he frequently spends some frustrating days = or even weeks or months =~ trying to
locate nonm~existent faults,

These considerations suggested that there was a real need for some simple
and rapid method of analysis and characterization of tars by which the tar
distiller could check whether any major variation in his raw material had
occurred,

Characterization of Tars

.

With this object in view a study of all tars in the storage tanks of
British tar distillers was carried out some time ago. The idea behind this
study was to analyse these tars by simple and, as far as possible, rapid {
methods and to see, by a statistical analysis of the results, which properties A
showed some correlation, It was hoped that, by selecting a few key properties !
with which other properties are correlated, some suitable characterization index
could be derived. : {

In all 61 tars, of which 21 were from coke oven installations, were received
and the analysis method, which has been described in.detail,* consisted in 4
dehydrating the crude tar, determining the specific gravity and solvent analysis
of the dry tar which was then subjected to a standard distillation to yield
three distillate oil fractions, = 0~250°C, 250-300°C and 300°C - pitch and a
70 £ 20c (K & 8) residue, The distillate oils were analysed for tar acid content,
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paraffin content and naphthalene content and the pitch was analysed for C/H
ratio and subjected to a Mallison solvent analysis for its content of He and
Mwresins,

Statistical analysis of all the results showed that the most useful index

- was the specific gravity of the dry tar. This gave a high degree of correlatiomn

with the pitch yield (in fact this relationship was used to determine the end

point of the distillation to leave a pitch of the desired softening point) (Fig.l);
it also showed a good correlation with the viscosity of the dry tar (Fig.2) and with

the C/H ratio of the pitch, For the full range of tars (coke oven tars,
continuous vertical retort tars, intermittent vertical retort tars, horizontal

retort tars and blended tars) the correlation coefficients between specific gravity

of the tar and paraffin content, specific gravity of the tar and phenol content
and between phenol contenmt and naphthaleme content were statistically
significant but, if the analysis was confined to coke oven tars, these
correlations and that between the paraffins and tar acids or thcse between
any of these properties and the naphthalene content werenot significant as
will be appreciated from the almost random distribution of points in Figures
3 and 4.

Although a characterigation index was suggested based on three numbers
indicating the level of dry tar gravity, phenol content of thé 0-250°C
distillate and the benzene insoluble content of the dry tar, this index is
not of particular value in detecting changes in coke oven tar supplies to a
distillery. It has proved of value in detecting changes in gas works
carbonising practice and in anticipating changes in plant operation when the
ratio of different types of tar in a blended feedstock 1s altered but it
must be admitted that the problem of a simple characterization procedure
for coke oven tars is still unsolved, The varilations in properties of the
coke oven samples examined are indicated in Table 2, This gives the
maximum, minimim and mean values for the properties determined and also
lists those properties for the coke oven tars with the highest and lowest
phenol, paraffin and naphthalene contents (tars Al, A2, Bl, B2, Cl and C2),



Table 2

Property All Coke Oven Tars {Tar Al|Tar A2|Tar Bl{Tar B2|Tar Cl |Tar C2:
Max, | Min, Mean 44*
Sp.Gr. of Dry Tar at
.20°¢C 1.218 } 1.141] 1.188 }1+141 }1.209 |{1.184 |1.203 1.185} 1.217
Viscosity of Dry Tar -
(Redwood No.l secs at | 1971 | 172 | 723 lo53  l1247 |[382 |s46 438 | 1971
60°C)
Wt.% Oils to 250°C 15.6 67 12.1 15.2 8.0 14.7 10-0 13.5 78
Wt.% Oils 250~300°C 122 9.3 1130 | 12.2 9.4 9.7 9.7 12.2 9.6 {
Wt.% Pitch 692 522 61-0 52.2 66-8 59.3 629 59.1 686
% Phenols in Oil to ' i
250°C 1 19.7 nil 7-8 19.7 nil 62 nil 9.2 9
% Paraffins " ». " 2.3 nil Q-9 2.1 0.2 2.3 nil 1.8 Q
% Naphthalene in Dry : y
Tar 10.5 64 9.1 6.8 8.4 9.1 9.9 10.5 6.4
% Benzene Insols in
Dry Tar 12.1 4.1 8.5 4.3 9.4 74 11.3 11.8 10.0.

The_Chemical Composition of Coke Oven Tar Distillate Oils

It is only recently, with the development of vapour chromatography, that
it has been possible to obtain any information on the quantitative composition
of tar distillate oils, The data so far obtained are, however, scanty and
incomplete, mainly due to the limited number of reference compounds avallable
for calibration of chromatographic columns.

Benzoles and Naghthés

Coke oven tar oils boiling up to 150°C which have been washed free from tar
bases are remarkably uniform in composition, Their major components are benzene,
33-40%; toluene, 24=33%; m~Xylene, 10~15%; o~xylene, p~xylene and styrene,
about 5% each, ethyl benzene about 2% and thiophene and methyl thiophenes 1~2%.
Nonwaromatics which may occur in amounts up to 5%)are mainly methyl cyclohexane.

In the naphtha range (150~200°C) the main neutral components are indene,
hydrindene, coumarone and pseudocumene with smaller amounts of ethyl toluene,
mesitylene and hemimellitene and an amount of paraffins varying from a trace
to 5%, In some samples n~propyl benzene is detectable and there is generally
up to 15% naphthalene and some methyl naphthalenes depending on the efficiency
of the fractiomation procedure, The ratio of the components boiling up to
200°C varies considerably as 1is shown in Table 3 which lists the maximum,
minimum and mean values.
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Table 3

Composition of Coke Oven Coal Tar Naphthas (150-200°C boiling range)

Component ‘Wt. %
Max, Min, Mean

n~Propyl Benzene 3.9 nil 046
meta & para ethyl

Toluenes 8.5 0.4 2.8
Mesitylene 6+5 0.8 32
Pseudocumene 14.8 T 3.7 8.7
Hemimellitene 6.9 trace 2.9 ' \
Hydrindene 46+5 12.7 28.9
Indene ‘530 10.0 38.2 -
Coumarone 15-9 52 11.0
Paraffins 10-0 nil. 3.7

T T T e

Naphthalene Oils

By far the major component of the tar-acid free coke oven oils boiling in
the range 200-250°C is naphthalene which in well fractionated samples may be
65% of the tar~acid free oil, The remaining 35~50% 1s made up of thionaphthene
2a3%, ©L ~methyl naphthalene 6~10%, ,8 ~methyl naphthalene 15~20%, quinoline 2-5%,
paraffins, mainly dodecane O~2% and amounts of dimethyl naphthalenes, dimethyl
hydrindenes and acenaphthene,

Oils Boiling in the 250~300°C Range

The analysis of coke oven wash oils and light creosotes which have so
far been carried out indicate that in this range the main constituents are,
as would be expected, acenaphthene, diphenylene oxide and fluorene and these
three components account for at least 50% of the fraction, The remainder is
very complex with mumerous minor unidentified compounds, Diphenyl and
dimethyl naphthalenes make up 10~20% of this range and some of the trimethyl
naphthalenes have been identified in it.

Anthracene Oils and Heavy Oils

Phenanthrene, anthracéne and carbazole make up on the average 75% of the
coke oven tar fractions distilling from 300°C to 350°C, Phenanthrene is by
far the major component, there being 6~8 times as much phenanthrene as
anthracene; carbazole content is generally somewhat higher than that of
anthracene, The remaining 25% consists of a large number of minor components
which include tri- and tetra~methyl naphthalenes, diphenylene sulphide, phenyl~
naphthalenes, acridine, methyl fluorenes and dimethyl diphenylene oxides,
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Coke Oven Pitch

As the boiling range is ascended the complexity of coke oven tar fractions
increases and their analysis becomes more difficult, Not only are the limits
of volatility for fractionation reached but the value of analysis by vapour
chromatography becomes increasingly limited by the lack of reference compounds,
45-55% of coke oven pitch can be separated from the remainder either by
exhaustive extraction with petroleum ether or by vacuum distillation, These
fractions have average molecular weights in the range 200-300 and appear to
contain about one OH group per ten molecules and one CH; or CHg group for
every three molecules. NH groups occur once in every ten molecules and =N~
groups once per 8 molecules, Vapour chromatography on a high-temperature
column shows the main hydrocarbon components to be fluorene, anthracene,
phenanthrene, pyrene, chrysene, fluoranthene, benzfluorenes, benzfluoranthenes,
benzpyrenes, perylene, benzperylenes and plcene.’ These compounds, together
with brazan, dihydronaphthacene, triphenylene are the compounds which can be
isolated most readily from coke oven pitch distillates or solvent extracts.

At this stage it is worth while setting down the major hydrocarbon
components of coke oven tar in order of their complexity. This gives the
following picture:=

Boiling Range Average % Ma jor Components
of Tar
CE,

0 = 150°C 0-8 @ @’ Single 6~

Benzene Toluene membered

rings
O O O
i Fused 6,5~

150 ~ 200°C 2 ring systems

Hydrindene Indene Coumarone

CE,
200-250°C .12 @’ B Fused 6,6~
, g A

ring systems
Naphthalene Methyl Naphthalenes

CHrCE, Fused 6,5, 6~
250m300°C 8 A | @ ring systems
“ s

Acenaphthene Fluorene piphenylene
Oxide

~dh
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Boiling Range Average % Ma jor Components
of Tar Fused 6,5,6~
E’] ii'""' and 6,6, 6=
@00 ‘e ? ring systems
300~350°C 15 H
Anthracene Phenanthrene Carbazole
Pitch CH, O l cazl '
Crystalloids 32
1,2~Henzfluorene 2,3-Benzfluorene Fused 6,5,6,6~
ring systems
Swes
Sy
3
Fluoranthene 3,4~Benzfluorene Brazan

OO0

Fused 6,6,6y6=
ring systems

Dihydronaphthacene Chrysene Pyrene Triphenylene

Fused 6,6,5,6,6~
ring systems

Fused 6,6,6,6,6-
ring systems

1,2=Benzpyrene 4,5~Benzpyrene Perylene Picene

7
o

9

1,12-Benzperylene

Fused 6,6,6,6,6,6-

N
z
‘ ring systems
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It would be expected that the remaining thirty odd per cent of pitch =

the resinoid C; and C; fractions -~ would extend this logical sequence, the
number of fused rings in the main components increasing from six to a considerably
high value, There is still, however, some controversy about the molecular weight
of these fractions, Values obtained at C,T.R.A, by osmotic pressure measurements }
and by ebullioscopic determinations in benzene and pyridine gary from:400.
1200 for fractions of the resinoids with an average value of about 550 and from J

1000 = 1500 for the Cy; fraction (i.e, the benzene insoluble-pyridine soluble
fraction). Other workers have recorded much lower values, These lower values
we believe to be due to the presence of low molecular weight material in the 1
fractions analysed either due to the imprecise nature of the fractionation method
adopted, or more probably, to the incomplete removal of solvent from the recovered
fractions,

If the results which Wood5 gives for the fractions of a coke oven pitch,
separated by a precise and reproducible solvent fractionation,are accepted and
subjected to statistical structural analysis in the same manner in which
van Krevelen and his co-workers® ' have considéred coal macerals, the
conclusions are that the more complex fractions of coke oven pitch form a
logical extension of the series formed by the distillate oil fractions,

In carrying out this analysis certaln assumptions must -be made. For
example it is assumed that both ~NH- (determined by potentiometric titration
with perchloric acid), <=N- (determined from total nitrogen content, less
the ~NH- groups) and ~0- groups (determined by substracting -OH groups from
the total number of oxygen atoms in the average molecule) are present in ring
systems, Hydrogen which cannot be accounted for as ~0H, ~NH~ or aromatic
«CH (determined from the infraered absorption at 3050 cm™) are assumed to be
equally divided between CH; and CH; groups. By van Krevelen and Chermin?®s®
"1lift out and replace principle" an equivalent hydrocarbon structure may be
calculated and the aromaticity (Ar) i.e. number of "equivalent" ring carbons
divided by total "equivalent" carbons calculated. The number of rings in the
average molecule can be derived from the formuila;-

%

_ H 2(3-1)}
Al'—(l"t)'* [1- =

N

and by subtracting the number of "equivalent" ring ~CH;~ groups and the number
of ~CH;~ and ~CH; groups from the total mumber of "equivalent” C atoms, a {
figure is obtained for the number of C atoms at the Junction of fused rings, ‘

The largest fraction =~ that soluble in heptane-~dioxan - has a molecular
weight of 220, an average formula of Cjg.qHy1.7Q 218 22807 and an

"equivalent" hydrocarbon structure of Cip,1Hiz.3. Its aromaticity is

0.98, the average number of rings per molecule is 3+6 and the number of

ring joining carbon atoms per molecule is 5.3 which suggests an average degree B
of condensation similar to that found in pyrene. These results are consistent
with what other data are available for the structure of pitch crystalloids. 1

The next major fraction which makes up 10% of the pitch is that soluble
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in heptane and this has a molecular weight of 400, a molecular formula

of Cog+3figes Buga® es0% +12. It contains on the average 7 rings per
molecule, an aromaticity of 0923 with, on the average 2-13 CH, or CH; and
0+19 OH groups per molecule, The number of ring-joining atoms is 11-9 which
for 286 equivalent ring carbons (Cp) is close to Cy _ 3 and consistent with a
structure such as 1 rather than I3, 2

S OS s
X =%
9

1 11
; The next major fraction is that insoluble in methanol but soluble in
' benzene whose number average molecular weight i1s 910 and whose molecular
formula is Czg.5H31.-001.49N4.045H. 31« It has an aromaticity of 0+92 and
.\w

the average number of rings in the molecule is 17-4, Ring Joining carbons

total 31 and the equivalent ring carbons 648, This again is more consistent

! with a “ring—chain', fairly open structure than a closely packed, highly
condensed structure, Thus the seventeen ring aromatic system, III has 64

; ring carbons and 32 ring Jjoining carbons against 50 carbon atoms and 32 ring

l joining carbons for the highly condensed system IV,

111 1v

It is, however, only right to point out that the two smaller fractions
of the pitch amounting to led and 3@4% of the pitch respectively do not fit
into the series; 1t is, however, believed that the analytical results on

i these are unreliable because of adsorbed solvents,




Tar Acids

65 to 70% of the tar aclds extracted from the distillate oils are made up of
phenol, cresols and xylenols, the distribution being as indicated in Table 4,

Table 4

Composition of Phenols Extracted from Coke Oven Oils

Tar Acid wt. % of Total

Max, Min, Mean
Phenol 30 14.3 19-0
o~Cresol 11.3 8.7 9.8
m~Cresol 16-3 13.5 14.8
p~Cresol 95 7.1 8.2
Xylenols and ethyl phenols 17-6 . 64 14-1
Higher Boiling Tar Acids 36-9 |. 28.7 34.1

The higher boiling tar acids are a complex mixture of which the major
constituents are 3-methyl~5S~ethyl phenol, 2emethyle~4=ethyl phenol, 4~indanol,
S~indanol, 6~methyled—indanol, 7~methyl=S5~indanol, of~naphthol a.nd/B ~naphthal,

Tar Bases

No complete analysis of the bases extracted from the distillate oils of
British coke oven tars is as yet available, According to the C,S.I.R.0O,
workers® the bases from an Australian coke oven tar contain 33.17% quindline,
8+.28% isoquinoline, 8:92% quinaldine, 0-91% 8-methyl quinoline and 3.21%
6~methyl quinoline.

The General Structure of Coke Oven Tars

The data given in this paper indicate that high~temperature coke oven tars
are complex mixtures of aromatic and heterocyclic ring compounds, At the
lower end of the boiling range sinZgle six-~membered ring systems occur,
with their corresponding hydroxy and alkyl substituents and the alkyl groups,
whiile predéminantly methyl, include ethyl and n~propyl side chains, Single
ring compounds make up, however, less than 5% of tar. They are followed,
as the boiling range is ascended, by fused six and five membered ring systems
with their corresponding methyl and hydroxyl substituents; such systems, however,
again make up less than 5% of the total. The next members of the ascending
series =~ molecules containing two fused six membered rings, two six membered
rings and one five membered ring, or .three fused six membered rings—are major
constituents making up some 30~35% of the tar, In this range naphthalene and
phenanthrene are the major components with the other unsubstituted aromatic
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compounds, acenaphthene, fluorene and anthracene, also prominent. Methyl and
dimethyl derivatives of these aromatic hydrocarbons and the corresponding
heterocyclic compounds occur as minor constituents, Oxygen compounds with
the oxygen in a five membered ring are the most common heterocyclic compounds
followed by tertiary bases with the nitrogen in a six membered ring system

or as «NH~ in a five membered ring.

The same pattern is preserved in the pitch oils which make up about 30% of
the tar, These consist predominantly of unsubstituted aromatic hydrocarbons
containing from four to seven or eight fused rings and, in general, the ring
systems are not fully condensed. Methyl and hydroxy substituents are rare but
do occur and about ten per cent of the molecules contain a heterocyclic oxygen,

nitrogen or sulphur atom in the ring system in this order of abundance. Compounds

containing more than one heterocyclic atom are rare and, although polyphenyl
compounds are present, they are very minor components, Compounds with partly
substituted ring systems are also present in small amount but in most of the
compounds containing ring ~CH;~ groups, the ~CHp~ is part of a five membered
ring.,

The most complex 30% of pitch represented by the pitch resins and the
so called C; and C; fractions appears, from our present knowledge, to be
a continuation of the series formed by the less complex and more volatile
fractions and consists essentially of ring compounds containing from 8 to
more than 20 rings in the molecule, The evidence, however, points to the
fact that these more complex constituents have ring systems which are not
highly condensed but rather consist of highly branched ring chain structures
in which the majority of the rings are fused to no more than three other rings,

As further evidence of the relatively low degree of condemsation in the
ring structure of the molecules in pitch, may be cited the fact that the infra-
red spectra of pitch fractions shows much stronger bands at 750 em™ due to
ortho substitution in the aromatic ring than at the other wave lengths
characteristic of other types of substitution, indicating that there are a
fair number of unsubstituted end-rings i.e. rings fused to only one other
ring.%

" The Composition of Tars and the Structure of Coal

It has been said that the products of carbonisation of coal have about as
mich resemblance to the original coal structure as the fragments of ash from a
burning library bear to the original books, On the other hand tar accounts
for 15% of the coal structure in low~temperature carbonisation and, despite the
complexity of the reactions occurring in the carbonisation process, some
inferences as to the nature of the coal '"molecule'" should follow from a study
of the composition of the tar,

This approach has been made by Karr and his co-workersB ° on the bagis of
the divergence between the determined distribution of isomers in low-temperature
tars and the.predicted thermodynamic and kinetic distributions at the
temperature of carbonisation, Karrt's argument is that the tar produced
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point of thermodynmamic equilibria or chemical kinetics,” If thermodynamic
equilibrium has been achieved the proportion of various isomers will be that
predicted by theory. If the residence time is too -short to enable equilibrium %
to be achieved the most abundant isomers should be those predicted from the
relative rates of formation, Isomeric distributions outside the range

predicted by the combined thermodynamic and kinetic systems might indicate
dependence on the coal structure,

in lowstemperature carbonisation of coal may be regarded either from the stande L

An examipation of the distribution of alkyl benzenes, alkyl phenols, phenyl
pyridines, methyl quinolines and substituted anilines found in lowwtemperature
tars showed very considerable differences from the distributions predicted on
either thermodynamic or chemical kinetic considerations, Particularly striking
was the relatively high proportion of para isomers in structures for which
thermodynamic equilibria predicted a preponderance of the meta isomer and
kinetic consideration a preponderance of the ortho compound. There seemed,
therefore, some justification for the suggestion that these isomers derived
from some common monomeric unit of the coal structure, One such unit which
would account for the isomeric distributions found and whose occurrence when
coal is carbonised would be biogenetically plausible is 4enepropyle~2-methoxy
phenol derived from lignin which has been subjected to the coalification
process,

Prior to Karrs publications a similar idea had been put forward, although
not published by W.Waddington of The Coal Tar Research Association, His
suggested structure of that part of the coal molecule from which tar is derived
was that of a polymer consisting of a long paraffinic or conjugated chain from
which at intervals were attached 4~alkyl-2~methoxy phenol units, substituted
in the 6w=position by other paraffinic or conjugated side chains, It is now
generally agreed that Freudenberg®!s view of the biosynthesis of lignin from
coniferin via the condensation of monomeric units of the structure

{
c |
ireOf 1
CH, i
OCH,
oH

is probably correct, and although the structure of lignin has mot been finally
clarlfled the production; on pyrolysis of fossilised lignin of a unit having
the structure—iris not difficult to envisage.

-l .

‘oo\!.
The isomeric distribution of the kylenes and cresols in highmtemperature

tars is as expected from thermodynamic considerations with the meta compound

predominating but in the xylenols the observed distribution in continuous
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vertical retort tar differs from what would be expected from either thermodynamic
or kinetic considerations, Thus the observed distribution is 33% 2,4=~xylenol,
31% 3,5-xylenol, 12% 2,6-xylenol and between 7=9% of each of the 2,3=, 2,5~

and 3,4~isomers, The thermodynamic distribution should give almost equal
amounts of the 2,4w, 2=5~ and 3,5~isomers while from kinetic comsiderations

the 2,4~ and'3,4-isomers would be expected to predominate. Shortening of

the side—~chains and loss of one or other of the oxygen containing groups would
yield 2,4~xylenol or 3,5=xylenol from the proposed coal degradation product:e

CEp . CH

— and /[tj\
o_ cHg CE; OH
0 H

In the higher boiling tar acids from both lowmtemperature and high-temperature
tarsi4—indanol and S5e~indanol and their monomethyl derivatives predominate.
These can be regarded as derived from the postfilated progenitor thus:e«

2,
~
« 6 ~N
|
OH or | = f
C; X-"0H
H
v
e / \
/ 2 \Y,
(4
OH OH
w— 7 (“4\:, ¢ SRS
>~
IS \/‘k)*eﬂa -~ \’ﬁ k,:/ H, CHz
3mmethyled 6~methyle 7~-net yli 1—q§%hyl~ l~methyl~ 7~mehyl=
indanol 4e~indanol 4~indgnol 4sindanol °~ S—indanpl S5~indanol
[
-
OH OH

CO | CO

4~indanol S~indanol
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The distribution of the lsomeric methyl indanols found in vertical
retort tar is 18 parts 7-methyl=S~indanol: 12 parts 3-methyled=indanol: 8 parts
each of 6emethyl~d~indanol, 7-methyl~4eindanol and lemethyl-~5-indanol: 6 parts

of 3rmethyl=S=indanol: 1 part each of 4~-methyl=S=indanol and 6e-methyl=S~indanol,

It will be seen that this distribution, except for the absence of 1-methyl-4-
indanol, is in conformity with the above scheme,

The trimethyl phenols found in vertical retort tars are restricted to
the three isomers 2,3,4-~trimethyl phenol, 2,3,5-trimethyl phenol and 3,4,5~
trimethyl phenol. Also the isomeric distribution of the three trimethyl
benzenes in tar is in the order 1,2,3 > 1,2,4 >1,3,5 whereas both the thermo=-
dynamic and kinetic distributions would predict 1,2,4 >>1,3,5 =>1,2,3. The
following scheme would explain these divergenciles.

CHy

/¢© Cz@ Zﬁm—’ :3@

2,3,4~trimethyl 3,4, 5-trimethyl 1,2,3~trimethyl

phenol phenol benzene
0 2 CH, CH,
N — L ™ <
- 0\ CHS e 3 tr,
2,3,5=trimethyl 1,2,4~trimethyl
phenol benzene

If ring closure ylelds six~membered rings the predominant products would be
expected to be acenaphthene and 1,6~dimethyl naphthalene,

" CHg CHg CB; CE
h—
P Q@Q a0
acenaphthene

CHy
— |
0\ CH,
1,6~dimethyl naphthalene
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whereas experimental thermodynamic evidence favours the 2,6~ and 2,7-isomers
as the predominant forms, The analysgs of the 250~300°C fractions of
continuous verfical retort tar give the ratio of acenaphthene and dimethyl
naphthalenes as acenaphthene 1.0, 1,6~dimethyl naphthalene 0-.44, 2,6~ and
2,7~dimethyl naphthalenes 0-35, 1,7~dimethyl naphthalene 0-.19, 2,3~dimethyl
naphthalene O+16 and 1,5~dimethyl naphthalene 0-14,

It is appreciated that the evidence from the isomer ratios of tar
components for a common precursor derived directly from the coal structure is
very flimsy but it seems an interesting speculation and it is in this sense
that it is mentioned in this paper. As more reliable data accumulate on
the fine structure of tar fractioms, particularly those from primary and
low temperature tars, and better data become available, either from calculations
or experiments of the thermodynamic distribution and kinetic distribution of
isomers at the carbonisation temperatures, it should be possible to provide
stronger evidence for or against this hypothesis, This possible approach to
the problem of the chemical structure of coal should not be ignored.
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PRESENTLY LITTLE-USED BUT POTENTIALLY IMPORTANT 113.

COAL TAR CHEMICALS
Heinz-Gerhard Franck

Gesellschaft fiir Teerververtung m.b.H.
Dulsburg-Meiderich, West Germany

To date, about 400 of the myriad substances contained in coal tar have been
definitely identified. This figure may seem small compared to the 10,000 estimated
to be in tar but it probably includes all the components that will be used commer-
cially as such since some of the constituents are present in extremely small amounts.
The compounds which have been identified are either those which are present in the
largest amounts or those which are relatively easy to isolate. It should be remem-
bered that the composition of the lower boiling fractions is more completely under-
stood than is that of the higher boiling fractions and of coal tar pitch--the distil-
lation residue.

The composition of coal tar varies greatly. It is influenced by the type
of coking coal employed, by the coking process and by the coking temperature. Further,
tar undergoes certain changes in composition on distillation and the yield of various
constituents is influenced by the distillation process used.

The development of gas chromatography has greatly facilitated the quanti-
tative determination of coal tar constituents. It proved to be an almost ideal method
of investigating tar and its fractions, and has generally superseded other analytical
mechods that were less accurate and more tedious. The following quantitative data on
the occurrence of compounds in coal tar were largely obtained with the aid of gas
chromatography. It should be noted that these data relate to high-temperature tar
from soft coal of the Ruhr area processed by continuous vacuum distillation.

Figure 1 is a gas chromatogram of such tar. The individual peaks represent
the most important constituents from indene (boiling point at one atmosphere: 183.1°C) -
to coronene (boiling point at one atmosphere: 525°C) in the order of their boiling
ranges. As this is. a schematic diagram covering the whole tar, not all the quanti-
tatively important compounds are indicated by separate peaks. For instance, the
peaks of 1~ and 2-methylnaphthalene and also those of phenanthrene and anthracene co-
incide. A more detailed gas chromatographical analysis of the tar would separate
these isomers. However, since gas chromatograms become less easily followed as the
number of peaks increases, further diagrams will not be shown.

All together, the compounds identified to date make up about 55 per cent
of the tar. 1In addition, tar contains about 2 per cent of relatively high-molecular-
weight, soot-like compounds that cannot be dissolved or distilled--making it impos-
sible. to determine their composition by chemical methods. Thus it is apparent that
only a small per cent of the number of compounds believed to be present in coal tar
have been identified; those that have been identified represent a very significant
portion of the tar.

According to present knowledge, a maximum of eleven compounds occur in coal
tar in proportions greater than 1 per cent. Excepting the two methylnaphthalenes, all
of them are nonsubstituted, aromatic substances without functional groups. The
three compounds present in the largest proportions are a binuclear,. a trinuclear, and
a quadrinuclear hydrocarbon.



Table I

Compounds Present in Coal Tar im Amounts
Greater Than 1 Per Cent

Compound Per Cent

Naphthalene
Phenanthrene
Fluoranthene

Pyrene

Fluorene

Chrysene

Anthracene
Carbazole
2-Methylnaphthalene
Dibenzofuran
1-Methylnaphthalene

.
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Until quite recently coal tar has been the only source of aromatic compounds.
The slight extent to which this source has been exploited, however, is not widely
known. Of the eleven most abundant constituents of coal tar, only two--naphthalene
and . anthracene--are being used on large scale as pure products for chemical processes.
Contrasted with naphthalene, almost all of which is recovered and further processed,
anthracene is used only to a limited extent in the chemical industry, although the
amount has increased recently. This paper is not concerned, however, with compounds
now used technically on a relatively large scale, but with the still untapped possi-
bilities of coal tar. What coal tar constituents have been used widely in their pure
form? Compared to the potential, the number is extremely small: besides naphthalene
and anthracene, the list includes only phenol and its homologs (cresols and xylenols);
pyridine and its homologs; and quinoline. With both phenol and pyridine homologs, mix=-
tures and not pure products are frequently used, Nevertheless, it should not be con-
cluded that little attempt has been made over the years to exploit the chemical poren-
tiality of tar.

Most organic industrial processes for the manufacture of synthetic fibers,
resins, pesticides, dyestuffs, drugs, etc. employ small, reactive building blocks from
which the end products are synthesized. When coal tar components are small and reac-
tive, as phenol and the pyridine bases, they meet these requirements and are used.

But most of the compounds present in coal tar have relatively large molecules without
functional groups and are quite inert chemically. This is why--what seems surprising
at first glance--of the eleven most abundant constituents of coal tar, only two find
wide application. Naphthalene, the chief constituent, is a noteworthy exception

among the tar aromatics. 1t has become a valuable raw material because, fortunately,
it can be oxidized in high yield to phthalic anhydride. )

Conditions may seem less favorable when we consider the other aromatics,
but it nevertheless would seem advisable to investigate the various possibilities
offered by these raw materials which are available in such quantity. Certainly in
recent years remarkable progress has been made in recovery techniques, so that today
most of the products are available in purer grades and at lower prices than a few
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years ago. Although this has led to a gratifying increase in sales, there is still
no realistic comparison between the demand for most products and the "quantities that
could be produced.

Phenanthrene

Phenanthrene, the second largest conmstituent of coal tar, still has not been
used to any appreciable extent though the phenanthrene skeleton underlies multitudin-
ous hydroaromatic compounds widely distributed in nature and having great physiolog-
ical significance. These natural products include: resin acids, morphine, sterols,
bile acids, digitalis glycosides, sex hormones, and antirachitic vitamins.

There is an extensive literature on the chemical reactions of phenanthrene--
such as halogenation, nitration, sulfonation, alkylation, chloromethylation, metal-
lization, hydrogenation, and oxidation--with numerous uses proposed for the reaction
products. Uses such as in the manufacture of resins, dyestuffs, drugs, plasticizers,
and--as solid chlorination products--nonflammable electrical insulators and impreg~
nants.

About 10 million tans of crude tar are distilled annually in the Western
World. Assuming that this entire output has the same phenanthrene content as coal
tar from the Ruhr area, or 5 per cent, and that about half of the phenanthrene could
be recovered, the impressive quantity of 250,000 tons of phenanthrene yearly would be
available. Separation on a large scale would, of course, result in lower production
costs. Since phenanthrene has a higher boiling point than naphthalene and because
it is more difficult.to recover, it will always be more expensive, but if produced
on the same scale as naphthalene, its price would be much lower than it is at the
present time. -

By analogy to naphthalene,‘it may be expecééd that phenanthrene can be
oxidized to produce a bivalent acid, diphenic acid, which if cheap enough could be
used in the manufacture of synthetic resins and plasticizeérs.

Diphenic acid is already being produced from phenanthrene, but so far there
has been no success in developing a simple commercial process with a high yield for
the conversion of phenanthrene into diphenic acid or its anhydride. The process cur-
rently followed gives not only diphenic acid but also considerable amounts of other
oxidation products. Because of the poor yield and trouble with subsequent purifica-
tion, diphenic acid is currently priced so high that it is used only for specialized
purposes., However, much research is going into the problem, so there are good pros-
rects that an economic process will be developed before long. As soon as one ap-
plication of phenanthrene gains industrial importance, the price reduction will open
up additional markets where phenanthreme has been unable to compete for price reasons,

Fluoranthene

While it is well known that large amounts of phenanthrene are available
from coal tar, we seem to be less prone to realize that next to naphthalene and phe=-
nanthrene, fluoranthene is the most abundant coal tar comstituent. Assuming the



condicions described for phenanthrene recovery, fluoranthene is available in the
amount of 165,000 tons yearly as a raw material. The fact that organic chemistry
treatises frequently ignore fluoranthene entirely or mention it only in marginal
notes, shows how neglected the compound has been. Nevertheless, fluoranthene has
an advantage over phenanthrene since, like naphthalene, it can be readily obtained
from the appropriate fraction in a high purity, because the fluoranthene fraction
has no significant content of material less soluble than fluoranthene or whlch forms
mixed crystals with it.

Thus fluoranthene is offered in technical grade in a purity of 97-98%.
As with phenanthrene, mass production could reduce its price considerably.

Coal tar is now usually processed by continuous distillation. The fractions
recovered, in the order of their boiling ranges, are: water, light oil, middle oil
(carbolic oil), naphthalene oil, wash oil, low-boiling anthracene oil, high-boiling
anthracene oil, and pitch (distillation residue). Other closely cut distillate frac-
tions yielding concentrates of other main constituents could be separated in the same
way as the naphthalene fraction in the primary distillation. However, since the lar-
gest part of coal tar distillate is used as creosote; a broad complicated mixture of
compounds, this type of distillation is not profitable or generally practiced.

Fluoranthene is a constituent-of the high-boiling anthracene oil, and to
a lesser extent of the pitch. To obtain the fluoranthene fraction, the high-boiling
anthracene oil must be distilled further. This yields a number of other fracrions,
the most important one being the pyrene (boiling points at one atmosphere: pyrene,
393°C; fluoranthene, 383.5°C). Fluoranthene costs would be much lower if the pyrene
fraction could also be used instead of being returned to the high boiling anthracene
oil. (The co-product problem becomes more complex and important as the amount of the
desired material in the tar becomes less. 1In practice, only the two most abundant
constituents, naphthalene and phenanthrene, are free of this burden).

Compared to phenanthrene, the literature on the chemical reactions of
fluoranthene is limited. Halogenation, nitration, sulfonation, hydrogenation, oxi-
dation, and condensation with phthalic anhydride and acid chlorides are reported.
Despite the symmetry of its molecule, fluoranthene is not chemically inert! Since
fluoranthene is readily accessible in a high purity and is relatively reactive, why
has it had no important practical application to date? Probably because the compound
failed to attract the attention of chemists in the past and since the ease of its re-
covery was -not fully appreciated. An examination of its reactions suggests fluor-
anthene could perhaps be used as a starting point for the synthesis of drugs and
particularly of dyestuffs.

The price of fluoranthene would be the determining factor in the commer-
cialization of any dye derived from it and the price could be reduced only if a
certain minimum sales outlet were assured. As far as we know at the present time
the oxidation type reactions are not as promising as with naphthalene cor phenan-
threne because no ncvel multicarboxylic acids have been made from it.
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Pyrene

Unlike phenanthrene and fluoranthene, pyrene is already being used as a raw
material on a very modest scale compared to the potential 100,000 tons a year which
is available. The chemistry of pyrene has been extensively investigated (halogenation,
nitration, hydrogenation, oxidation, sulfonation, condensation, etc.) A large number
of condensation reactions have been reported and deserve special mention. These in-
clude not only condensation with phthalic anhydride but also with acetic anhydride,
benzoyl chloride, diazoacetic ester, dichlorodiphenylmethane, glycerin, cyanuric
chloride, and formylmethylaniline.

The possibility of combining the production of fluoranthene and pyrene
(boiling points at one atmosphere: fluoranthene, 383.5°C; pyrene, 393.5°C) has al-
ready been discussed under fluoranthene. As in the case of fluoranthene, pyrene is
found in both the high-boiling anthracene oil and pitch. However, recovery of pyrene
is more complicated because its fraction has some slightly soluble components boiling
close to pyrene, including 1,2-benzodiphenylene oxide and 2,3-benzodiphenylene oxide.
These are troublesome and expensive to remove. This explains the fact that pyrene is
not ordinarily offered in as high a purity as fluoranthene. The technical grades avail-
able have a pyrene content of only 90-957%.

It is difficult to forecast if pyreme, so far used mainly as a starting
material for the synthesis of dyestuffs, will become important in other fields. With
successful utilization of fluorantheme as a chemical raw material, the market outlook
for pyrene would undoubtedly improve. Many possibilities for its use are currently
barred by its high price. Even if pyrene and fluoranthene recovery are combined, how-
ever, pyrene production costs would be reduced only slightly because, as previously
mentioned, it is harder to upgrade the pyrene fraction than the fluoranthene fractionm,

Like phenanthrene, there are Lnterestlng oxidation products of pyrene,
such as 4,5-phenanthrenedicarboxylic acid and 1,4,5,8- naphthalenetetracarboxy‘Lc acid.

Naphthalenetetracarboxylic acid would be a particulafly promising pyrene
derivative if there were a simple oxidation process available giving a high yield of
the acid. Experiments directed to this end have not yet given reason for optimism.

Fluorene

Wash oil boils between 230°C and 300°C; fluorene, occurring in tar in about
the same proportion as pyrene, has the highest boiling point of main constituents in
this fraction. Acenaphthene and dibenzofuran (diphenylene oxide) boil slightly below
fluorene (boiling points at one atmosphere: acenaphthene, 278.2°C; dibenzofuran,
285.1°C; fluorene, 297.9°C). It is, therefore, convenient to consider the three to-
gether. However, fluorene and dibenzofuran must be carefully separated by distilla-
tion because they form a continuous series of solid solutions which, of course, can=’
not be separated by crystallization techniques.

_ Formation of mixed crystals 1s common among .the constituents of coal tar,
Phenanthrene and anthracene, phenanthrene and carbazole, and chrysene and 1,2~
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benzanthracene are other quantitatively important compounds which form a continuous

series of mixed crystals characterized by a curve having no maximum or minimum be-

tween the freezing points of the pure components. The formation of mixed crystals

between phenanthrenme, anthracene and carbazole is the main reason that phenanthrene '
is more difficult to purify than naphthalene.

Fluorene is the first of the coal tar constituents discussed so far to have
a reactive group: in this case the methylene group between the two benzene rings has
highly reactive hydrogen atoms. In spite of numerous reactions described in the litera-

1
ture and numerous uses suggested, such as the manufacture of cleaning 2and wetting {
agents, textile auxiliaries, pharmaceuticals, disinfectants, pescicides, dyestuffs, ‘
liquid scintillators, and thermoplastic resins, all attempts to promote widescale 1
development of fluorene as a chemical raw material have been unfruitful to date. 4

Recent developments indicate that there may be an outlet in drug synthesis because
pharmacological substances currently being tested have been obtained from fluorenone, }
a product readily prepared from fluorene. ’ i

Chrysene

Chrysene, the most abundant constituent of coal tar pitch, is also found in
smaller amounts in high-boiling anthracene oil. Because of a high-boiling point
(440.7°C at one atmosphere) and the extraordimarily high-melting point (255°C), the i
product is hard to recover im its pure form. The starting poiat for chrysene pro-
duction is usually the distillate from the manufacture of hard pitch, though pitch
coke oil from the coking of hard pitch is also rich in chrysene.

Provided that suitable applications can be found, there seems to be no }
reason why all of the compounds discussed up to this point should not be used on
large scale industrially. There is, however, less chance for chrysene despite the
fact that its occurrence in coal tar is about the Same as that of fluorene and pyrene. 4
Purification of chrysene is more difficult and the higher cost of the compound wiii
be a serious handicap to its broad utilization. Chrysene derivatives have been used /
to some extent in ultraviolet filters and sensitizers. :

Carbazole ' ((

Carbazole, quantitatively the most important heterocyclic constituent of
tar was, until recently, sold in large quancities. Tt is recovered as a co-product
in anthracene purification. It was used for the production of dyestuffs and pesti-
cides.

When fused with polysulfide in butanol or roasted with polysuifide in the
presence of organic bases.such as benzidine, the 3-(4'-hydroxyphenyl)-aminocarbazoles P
obtained by the condensation of carbazole with p-nitrosophenol yield the sulfur dye-
stuff, hydron blue R, or when N-ethylcarbazole is employed, hydron blue G. 2-Hy-
droxycarbazole~-3-carboxylic~acid-p-chloroanilide has become familiar as the browsn
dyestuff, naphthol AS-LB. 1,3,6,8-Tetranitrocarbazole became important as an in- 4
secticide under the trade name, Nirosan. : ’

-
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) Finally, through the production of poly-N-vinylcarbazole a plastic has been
developed from carbazole having good dielectric properties, good chemical resistance,
high softening point, and thermal stability. This product has found commercial use

in the electrical industry (trade names for polyvinylcarbazole: Luvican and Polec-
rron).

Unfortunately, the use of all these interesting derivatives has deciined
considerably in recent years, and some manufacturers of dyestuffs now specify that
the anthracene material supplied to them contain less than a cerctain amount of car-
bazole.

A prognosis of the market for carbazole is, therefore, difficult, There is=
reason for certain optimism about the future of carbazole because it is a co-product
in the production of anthracene and it does have a number of significant uses. VYever-
theless, carbazole sales can be restored only with the development of new uses.

1-Methylnaphthalene/2-Methylnaphthalene

The two monomethylnaphthalenes are present in tar in very considerable
amounts, with 2-methylnaphthalene predominant, In high-temperature tar, the ratio
of naphthslene to the monomethylnaphthalenes is about 4:1, the lower the coklng tem-
perature, the more this ratio shifts in favor of the methyl- 2nd dimethylraphthalenes.

The methylnaphthalene fraction is a constituent of the "wash oil". It is
distilled after the naphthalene fraction before diphenyl and the dimethylmaphthaienes.
Methylnaphthalene production, therefore, fits nicely into recovery of the other three.

Because of their ready accessibility the methylnaphthalenes have become more
important recently, even though the quantities sold are still very limited. Many pos-=
sitle uses have been proposed for each isomer; but these frequently overlap uzes for
naghthalene. Since naphthalene is cheaper, it has an advantage over the mcvnomechyl-

niphthalenes in these cases. The syntheses of l-naphthyiacetic acid serves to iliustrate

such competition between naphthalene and l-methylnaphthalene, 1l-Naphthylacetic acid,
used as a growth promoter, can be made from l-methylnaghthalene by chlorination, re-
action with KIN and subsequent hydrolysis. It can aliso be made by the chioromethylis-
tion of naphthalene followed by the same reactions, The synthesis selected then be-
comes a matter of cost.

) l-Mecthylnaphthalene has an unusualiy low freezing point (=30.6°¢) which is
loweraed further inr the technical grade by the presence of isomeric 2-methylnaphtha-
lene, Because of this property and its high solvent power, che alpha isomer is used
35 a solvent and as a heat transfer oil. It can also be used as a carrier in the
dyeing of polyester fibers, as a cetane~number indicator. It has been used for de-~
termining the theoretical number of trays in distillation columns. Other suggestions
for use are as an extraction agent for sulfur, as a constituent of liquid dielecctrics,
and as a starting material in the manufacture of plasticizers, pesticides, plastics,
and textile auxiliaries. However, these suggestions have not been developed to any
significqnt extent,
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The numerous uses which have been proposed for 2-methylnaphthalene, include
the production of dyestuffs, textile auxiliaries, growth inhibitors, detergents, emul-
sifiers, and wetting agents. The beta isomer is of importance in that its 1,4~-quinone
is a starting product for the manufacture of Vitamin K.

Dibenzofuran (Diphenylene Oxide)

Dibenzofuran is the most abundant oxygen heterocyclic compound in coal tar.
The analogy in composition and occurrence between dibenzofuran and carbazole, the most
important nitrogen heterocyclic, is striking. The presence of dibenzofuran in the wash
0il and the advantages of combining its production with that of fluorene and acenaph-
thene have already been discussed. '

Dibenzofuran is the skeletal substance of morphine. The reactions of diben-
zofuran (halogenation, nitratiom, sulfonation, methylation, hydrogemation, and conden-
sation) are reported in the literature. Possible uses are also described, such as the
manufacture of disinfectants, insecticides, wood and other types of preservatives,
textile auxiliaries, synthetic resins, high-temperature lubricants, dyestuffs, and ad-
ditives for candle mixes. Dibenzofuran has been used to some extent as a dyestuff
intermediate. Because of its high thermal stability, the product is suitable for
heat transfer media although its high melting point (+82°C) is an objection,

An interesting derivative of dibenzofuran is o0,0'=-biphenol (2,2'-dihydroxy-
diphenyl), obtained by fusion with caustic potash. This compound is used in the manu-
facture of disinfectants and pesticides.

Acenaphthene

The acenaphthene content of crude tar is about 0.5%. However, larger
quantities may be found in coal tar distillates because acenaphthene is one of those
few compounds which may be formed in tar during distillation. The amount formed in
this way may be equal to that originally present and the net acenaphthene content of
coal tar is about 1%, roughly the same as dibenzofuran. Like fluoranthene it is
easily purified by crystallization of the appropriate distillation fraction and the
technical grade is usually 97-98% pure.

The chemical reactions which result in the production of secondary ace-
naphthene are not completely understood. The most likely reaction would be the de-
hydrogenation of 1,8-dimethylnaphthalene but since this cannot be demonstrated quanti-
tatively, it must be assumed that there are other compounds in coal.tar which are corn-
verted to acenaphthene by heat.

Like pyrene, acenaphthene belongs to the class of aromatics that have been
used as starting materials -for dyestuffs, but on a scale which consumes only a frac=
tion of that which could be produced.

By means of catalytic gas-phase dehydrogenation, acenaphthene can be con-
verted to acenaphthylene, which can be easily polymerized with peroxide catalysts.
Like co-polymers containing acenaphthylene, the polyacenaphthylenes are noted
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chiefly for their good electrical properties and high melting points but have not yet
attained practical importance. A high yield of naphthalic anhydride is obrained from
acenaphthene by catalytic gas-phase oxidation. Naphthalic anhydride has been used
chiefly in the manufacture of dyestuffs. At a lower price it could probably be used
for the production of synthetic resins.

On the whole, the market outlook for acenaphthene is more favorable than
for its two by-produéts, dibenzofuran and fluorene. To reduce production coscs as
far as._possible, effort must be concentrated on finding uses for substantial quantities
of all three compounds.

Zndene

Indene, the lowest-boiling of the most abundant coal tar constituents, is
the reverse of acenaphthene so far as recoverability is concerned. The primary indene
content of tar is almost 1 per cent. But in counter-distinction to acenaphthene, the
amount of which increases during distillation, the amount of indene is decreased be-
cause at high temperatures and in the presence of hydrogen it is easily converted into
indan. The extent to which the indene content is reduced and indan formed depends on
the type of distillation process; the longer and higher the temperature at which che
tar containing indene is heated, the greater the reduction of indene content. Under
unfavorable conditions, more than 50 per cent of the original indene content of the
tar may be lost. Since indene is more valuable than indan because of its higher re~
activity, the hydrogenation of indene is an extremely undersirable reaccion..

Indene cannot be classed as one of those coal tar constituents which has
no practical use at cthis time even though it is not isolated and used as such. ZIn=-
dene is the principal constituent of coumarone resins. These would more accuratetiy
be called indene resins.

Because of its relatively high freezing point--(-1.6°C) pure indene can be pre-
pared from the appropriate distillation fraction by extreme cooling., However, in
spite of the many uses proposed for it, pure indene is not important commercially,

In addition to the large volume constituents of coal tar so far discussed,
there are many other materials available in reasonably large amounts, which likewise
have not attained commercial significance. The most important of these appear in
the following table.

Table II

Important Coal Tar Constituents

Compound Content of Coal Tar (Per Cent)

Diphenyl

Indole
2-Phenylnaphthalene
Isoquinoline
Quinaldine

Acridine
Phenanthridine
7,8-Benzoquinoline
Thianaphthene
Diphenylene Sulphide
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Diphenyl

The diphenyl-indole fraction occurs between the methyl- and dimethyl-
naphthalene fractions. Recovery of diphenyl and indole is conveniently combined
with the methylnaphthalenes.

Diphenyl is well known as a constituent of heat transfer oils. The edtectic
mixcture of diphenyl and diphenyloxide is sold under the trade names ''Dowtherm A" and
"Diphyl™.

Diphenyl is also used as a preservative; for example, citrus fruit wrappers
are frequently impregnated with diphenyl. It should be mentioned too that diphenyl
is the basic substance of the benzidine dyestuffs, though they are normally produced
from other starting materials.

Contrasted with what could be produced, very little coal tar diphenyl is used
commercially. Coal tar diphenyl is under a handicap because diphenyl is available
from other sources. 1t is obtained as a by-product in the synthesis of phenol by
the chlorination process and it can be made by the pyrolysis of benzene. The di-
phenyl market, therefore, is divided between that recovered from coal tar and that
made synthetically.

Indole

Indole, the nitrogen analog of indene, is one of the most interesting con-
stituents of coal tar. Separation of indole and diphenyl is not possible by simple
distillation because the two compounds have vapor pressure curves which lie close
together and also form an azeotropic mixture. The boiling point of the diphenyl-
iadole azeotrope is a few degrees lower than the pure products (boiling points at
one atmosphere: indole, 254.7°C; diphenyl, 255.6°C). Separation of indole and di-
phenyl is achieved by taking advantage of the slightacidity of the imide groug and
isolating the indole from the diphenyl fraction via its potassium compound by fusion
with caustic potash. Diphenyl cthen can be recovered from the indole~-free oil by frac-
tionation and cr-jtallization.

id

Another method of separating the two compounds is by the additioa of a third
component, diethylene glycol. Azeotropic mixtures of diphenyl-diethylene glycol and
indole~diethylene glycol boil twelve degrees apart; under normal pressure they boil
at 230.4°C aad 242.6°C respectively (uncorrected). 1In this case, the azeotropic &f-
fect is so pronounced that separation by distillation does not require particulariy
efficient columns.

Indole is used commercially in several fields of chemistry. As might be
expected from its occurrence in nature as a constituent of jasmine and orange blossom
oils, it has long been used as a perfume fixative. The extraction of indole from
coal tar in a state of purity which satisfies the perfume manufacturers is ‘a chemical
achievement since even trace amounts of impurity will falsify the aroma.

Indole is a starting material for growth-promoting substances and for amino
acids. 3-Indoleacetic acid (indole-3-acetic acid) is one of the first growth-promoters
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used. It is known commercially as hetercauxin. One way of making it is by the con-
densation of indole with formaldehyde and hydrochloric acid followed by condensation
with potassium cyanide and hydrolysis of the resulting nitril. Alpha-amino-3~indole-
propionic acid, known as tryptophane, is an integral component of many types of pro-
tein and one of the vital amino acids. 3-(Dimethylaminomethyl)-indole (gramine),
obtained by a Mannich Reaction of indole with formaldehyde and dimethylamine, is an
intermediate in the synthesis of tryptophane. Tryptophane is made by reacting gramine
with acetaminomalonic ester and subsequent saponification.

Although the quantity of indole used is still small, improvement in the re-
covery process in recent years has resulted in steadily increased sales. Possibilities
for indole are not at all exhausted with the uses mentioned. Interesting intermediates
for dyestuffs and drugs can be made by reacting the hydrogen atom attached to the ni-
trogen. Of course, the relatively small amounts of indole in coal tar and the compli-
cated methods for extracting and purifying it will never permit a price comparable to
mass-volume products, but it is hoped that the recent advances in the preparation of
indole will lead to a greater use of this interesting compound.

2-Phenylnaphthalene

Unlike indole, 2-phenylnaphthalene is a substance about which little can be
said. Recently it was found that this compound, formerly classed among the rare con-
stituents, actually is rather abundant in coal tar and can be recovered in relatively
large amounts. The 2-phenylnaphthalene fraction boils below fluoranthene, so its
recovery must be combined with that of fluoranthene and pyrene. Since there is no
demand, 2-phenylnaphthalene is presently produced only in laboratory quantities. If
a demand should develop the methylphenanthrenes, which boil below phenylnaphthalene,
would become more accessible. There are considerable quantities of these in tar.

Isoquinoline/Quinaldine

As already mentioned, the only coal tar bases presently being used to any
extent commercially are pyridine, pyridine homologues and quinoline. The problem of
separating tar bases from their co-products is even greater than in the case of the
neutral hydrocarbons. Crude bases are extracted from the appropriate distillation
fraction by means of mineral acid from which they are subsequently liberated by the
addition of caustic soda. Because of the complex nature of tar, distillation frac-
tions do not contain only the particular tar base desired. Further, the formation
of azeotropic mixtures between the hydrocarbons and the tar bases causes the latter
to be distributed over a broad distillation range. Thus the extraction process in-
variably yields fractions which are mixtures of several compounds.

Isoquinoline and quinaldine are the most important compounds which occur
with quinoline in the quinoliile fraction. Since they boil above quinoline they
occur in the distillation residue from which they could be recovered if a demand
for them were to develop.

Table ITII
B.P. at Atmospheric
Pressure - °C i
Quinoline 237.3
Isoquinoline 242.8

Quinaldine 246.9
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There is extensive literature on the chemical reactions of isoquinoline
and quinaldine. Isoquinoline is used as an auxiliary solvent in dyeing and as a
starting product in the preparation of isoquinoline red and other cyanine dyestuffs,
photographic sensitizers, drugs, pesticides, and vulcanization accelerators. Quin-
aldine can be used for similar purposes. The most important quinaldine dyestuffs
include quinoline yellow, quinoline red, and ethyl red, as well as sensitizing dyes.
Quinaldine can also be used as an inhibitor for metals and as a seed disinfectant.
Although both these compounds could be produced in considerable volume, none of the
uses has reached significant size.

Acridine Phenanthridine 7,8-Benzoquinoline

The three most important and most easily recovered tar bases in anthracene
oil are acridine, phenanthridine, and 7,8-benzoquinoline.

Acridine is the best-known and occurs in the largest amount. None of the
three bases has as yet been used on large scale, although interest in acridine has
been increasing recently.

Acridine is in point of fact the base of numerous dyestuffs and drugs;
but acridine dyestuffs are usually manufactured from 1l,3-diaminobenzene and ali-
phatic or aromatic aldehydes. Even the syntheses of such well-known acridine der-
ivatives as the drugs Trypaflavin (3,6-diamino-10-methylacridinium chloride) and
Rivanol (2-ethyoxy-6,9-diaminocacridine) do not usually iavolve aéridine.

The extent to which 7,8-benzoquinoline occurs in coal tar has only been
realized recently. 1Its only use at the present time is in the separation of meta
and para cresol in gas chromatography. As with acridine, several drugs can be de-
rived from phenanthridine; for example, quarternary salts of diaminophenanthridinium
series have good trypanocidal properties.

Because of limited demand and the resulting high costs of producing very
small batches of these compounds, the prices of acridine, phenanthridine, and 7,8-
benzoquinoline are still high. Production on a larger scale--and the amounts of raw
material are very adequate for this--would reduce costs -considerably.

Thianaphthene Dibenzothiophene (Diphenylene Sulfide)

Thianaphthene and dibenzothiophene are the most abundant sulfur compounds
found in coal tar. Thianaphthene is recovered with naphthalene, and the two can be
separated only with difficulty because of their close boiling points (boiling points
at one atmosphere: naphthalene 217.9°C; thianaphthene, 218.8°C). The formation of
mixed crystals further complicates the separation.

The separation of phenanthrene and dibenzothiophene, the sulphur bearing
compound that occurs with it, is not as difficult. The difference in boiling points
is greater--(331.4°C; phenanthrene 336.5°C) and separation by distillation is more
effective. Since dibenzothiophene distills just prior to phenanthrene, the limited
market for phenanthrene has restricted the amount of dibenzothiophene recovered.
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Both thiaﬁaphthene and dibenzothiophene could be.recovered from coal tar
in substantial amounts but it must be remembered that the cost would be high even if
they were recovered on large scale.

Up to the present, very little use has been found for these two compounds.
Thianaphthene has been used to some extent in the manufacture of drugs. Other pro-
posad uses are the production of thioindigoid dyestuffs and herbicides from thianaph-
thene and preservatives with a fungicidal and bactericidal effect from dibenzothio-
phene.. None has practical significance.

Besides the substances which have been discussed there are numerous other
compounds that can be obtained from coal tar in relatively large quantities if needed.
However, it should be remembered that the recovery and purification problem becomes
more complicated as the concentration of the desired compound in the tar decreases.
The economics of the processes are affected accordingly.

Attention is drawn to the dimethylnaphthalene fraction, which constitutes
about 2 per cent of the tar and lies between the diphenyl and acenaphthene fractioms.
To date, the following nine dimethylnaphthalenes have been identified in coal tar:

1,2-dimethylnaphthalene
1’3 n
1,4
1,5
1,6 "
1,7
2,3
2,6
2,7

3 m

1,6~ and 2,6-Dimethylnaphthalene can be recovered relatively easily, but
the isolation of the other compounds is very costly and complicated.

Anthracene oil has two interesting methylhomolog fractions: first, pre-
ceding the phenanthrene fraction is the methyl fluorene fraction which accounts for
1.8 per cent of the tar and includes 1l-, 2-, 3-, 4=, and 9-methy1f1ﬁorene; and
secondly, following the carbazole fraction, the methylphenanthrene fraction which
accounts for 1.8 per cent of the tar and consists mainly of 1-, 2-, 3-, and 9methyl=
phenanthrene as well as 4,5-methylenephenanthrene. The benzofluorene fraction, being
the highest boiling portion of the anthracene oil, also deserves mention. Distilling
after the fluoranthene fraction, it accounts for 1.6 per cent of the tar and consists
mainly of 1,2-, 2,3-, and 3,4-benzofluorene, as well as 5,12-dihydrotetracene.

The coal tar pitch fractions offer a large reservoir of quadrinuclear and
multinuclear aromatics. These need not be discussed because even though some pitch
constituents can be recovered in large quantities, their separation is beset by dif-
ficulties which would preclude the possibility of cheap production even in volume.
Reference has been made already to this problem under the discussion of chrysene.
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Bulk tar constituents, with the exception of l- and 2-methylnaphthalene,
are all unsubstituted, binuclear and multinuclear aromatics which include only .two
heterocyclic compounds, dibenzofuran and carbazole. Special attention has been
focused on fluoranthene which up to now has not received adequate attention, despite
the fact that next to naphthalene and phenanthrene it is the most abundant constituent
of coal tar:

This has been a review of coal tar products which could be made available
in substantial quantities if a demand for them were created. The data show that very
Few aromatics, even those which are readily accessible, are presently used as pure
products~-or stating this thought in another way--there is a very large source of raw
material available which has not yet been exploited.
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YIELDS QF CATECHOLS

Carbonization of a ton of liznite at the Dickinson plant yields 5 sallons (L2 1b)
of tar (70 parcent of assay) (12), and 20 gallons of process water (14). Thus from
tha previous figures we can axpect one ton of lignite to yield O.L2 pounds catachol

ron the tar and 2.5 pounds catachol from the process water for a total of 2.9 pounds
catzenol per ton of lignite carbonized. Similarly, a ton of lignite should yield

2.2 pounds of L-methyl catzschol and 1.1 pounds of 3-methyl catechol. The amount of
cetechols actuelly recovered depsnds, of course, on the efficiency of the extraction
procass. Whils thess fisures reprasent the amount of catechols avallable, it may not
b2 econorically feasibls to axtrect the entire anount.

RECOVERY ETEODS

The phanosolven process (T, 15, 16, 20) is the most popular method currently
us=2d to eitract waste wmters. It consists of countercurrsnt extraction with an
28ter mixture compossd primarily of butyl acetate. Entrained ester is recovered by
steam distillation, raiting thes process highly efficient.

This method of recovery can also be used on solutions of buffers used to extract
catechols from the tar (3, 17).

Others bave extracted aqueous liquors with ether (2, 6), "ketone oil" (9), and
eresilic acid (8). .

Another interestinsg method of recovery involves adsorption of phenolics fronm
liquor by activated chercoal (18) or coke dust (10). The phenolics were then desorbed
by steam. Catechols were also recovered by precipitation of thelr lead salts before
adsorption of the monohydroxy phenols on charcoal (18). '

Sgparation of Recovered Catechols. Although catechol and 3-methyl catechol boil
at about the same temperaturs (240° and 241° C respectively) at atmospheric pressure,
they are ssparable by distiliation under reduced pressures. Thus at 20 mm Hz, 3-methyl
catechol has a boiling point of 129° C, whereas that of catechol is 134° and that of

Lemethyl catechol is 147° (19).

Separation of catechol and 3-methyl catechol can also be achieved under certain
conditions by precipitation of lead salts (5). Similerly 3-methyl and L-methyl cate-
chols can be separated by precipitation of the L4-methyl catechol with ammoniacal
celeium chloride (19).

CONCTUSION

Tt has been shown that the low=temperature carbonization products of North Dakota
lignite are a rich source of catechol, 3-methyl catechol, and 4=methyl catechol.
Proven methods are available for recovery and separation of these valuable chemicals.
Their potential abundance could result in development of many new uses and in ex-
pansion of present applications such as medicinals, antioxidants, plastics, glues,
ore flotation, photo developers, and herbicides.
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COMPOSITION OF A LOW-TEMPERATURE BITUMINOUS COAL TAR
Howard W. Wainwright
U.S. Department of the Interior, Bureau of Mines
Morgantown Coal Research Center, Morgantown, W. Va.
INTRODUC TION

A true low-temperature coal :ar is generally defined as that tar produced

by carbonizing coal at a temperature not exceeding 500°C. The one outstanding

caemical characteristic of a true low-temperature coal tar is the small amount
oi any individual compound, similar in nature to petroleum and shale oil, and
quite different from coke-oven tar in which a single compound, such as naphtha-
lene can account for as much as 10 percent of the tar.

Detailed characterization of low-temzperature tars has received little
attention until the last few years. Representative of the excellent research being
corducted in this field is that of McNeii of the Coal Tar Research Association,
Landa of Czechoslovakia, Kalechits and Kuznetsov of Russia, Jager and Katt-
winkel of Germany, Kikkawa and associates of Japan, Kahler and co-workers of
Battelile Memorial Institute, Vahrman of Northampton College of Applied Tech-~
nology, Parant of France, and Brown of Australia. It is outside the scope of
wais report to review the research of these investigators. The purpose of this
paper is to summarize the research carried out >y the U.S, Bureau of Mines on
a particular low-temperature bituminous coal tar.

The main reason for identifying and cetermining the amounts of individual
compounds in a low-temperature coal tar is io obtain a true picture of the chemi-
cal rature of the tar so that refining and utilization can then be approached from
a logiczl standpoint. By this it is not implied that refining will necessarily con-
sist of isolating individual compounds on a commercial scale. However, the
results from such studies may indicate that the refining of low-temperature tars
will require the development and application of a partly different set of chemical
processes to suit the special chemical nature of these tars.

TAR ACIDS

Analytical Procedures and Results

The tar used in this work was made irom Arkwright (W. Va.) Pittsburgh-
seam, high-volatile bituminous coal in a fluidized carbonization pilot plant at
500°C. The raw tar was de-ashed, dehydraied, and topped io 175°C at the
plant. The tar was distilled under very mild temperature conditions, 125°C at
a pressure of 133 microns, so as to minimize siructural alterations of tar
components. For this purpose a rotary vacuum stripper was used. Under these
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conditions of distillation, the distillate amounted to about 21 weight-percent of the

tar. The tar acids were recovered from the distillate by a Claisen alkali extrac-
tion using the procedure of Woolfolk and his associates (1_9_). * The extracted
phenols represented 3.54 weight-percent of the tar.

Low-Boiling Tar Acids. The phenols recovered from the distillate were
fractionated in a Piros-Glover** micro spinning band still. The mixture ol tar
acids boiling up to 234°C (at atmospheric pressure) was fractionated in a Perkin-
Zlmer model 154 chromatographic apparatus using 2 12-ft column of 1/4-in.
copper tubing packed with Johns-Manville C-22 firebrick, 30 to 60 mesh,
containing 34.7 weight-percent di-n~octyl phthalate. The column temperature
was 160°C and a carrier-gas flow rate of 150 cc helium per minute was used.
The results are shown in Figure 1. Thirteen peaks, or shoulders on peaks weze
obvious, indicating a2 minimum of thirteen phenols. Retention times of the sub-
stances producing the peaks, relative to peak |, were determined and compared
with the relative retention times of individual pure phenols.

A collecting system, based on one recently described (18), was used to
advantage in identifying the components in peaks that were incompletely resolved.
By using the collecting system, followed by infrared analysis, identities of the
phenols producing the various peaks were confirmed in nearly all instances. By
the combination of retention times, infrared analysis of iractions containing more
than one phenol, and the peak areas, a reasonably good analysis of a total tar
acid mixture boiling up to 234°C was obtained.

High-Boiling Tar Acids. To complete the characterization of the tar
acids it was necessary to fractionate and analyze the high-boiling phenols. The
method chosen for this complex material was countercurrent distribution,
supplemented by ultraviolet and inirared spectrophotometry.

A 200-g portion of tar acids from the tar distillate was distilled at 20 mm
through a column filled with glass helices. All the material boiling up to 1i8°
head temperature, equivalent to about 232° at 760 mm, was removed as a single
fraction, leaving a residue of 50 g high-boiling phenols or 25 weight percent of
the original tar acid mixture. A charge of 41.68 g high-boiling tar acids was
distiiled at 2.9 mm and a reflux ratio of 20 to 1 in a spinning band still. The
infrared spectra were obtained on all of these fractions; they were then combined:
on the basis of qualitative similarity to give 10 samples and subsequently frac-
tionated oy countercurrent distribution, except for the lowest boiling ones.

The instrument used was a 60-tube all-glass model, with 200 tubes in the
iraction collector and an automatic robot mechanism. The tube capacity for each
phase was 40 ml. The instrument was operated to give 100 to 105 transfers or
plates. The average sample size was about i85 mg; the upper phase consisted

=X

% Underlined numbers in parentheses refer to items in the list of references at
the end of this report.
s

%% Reiference to specific brands is mzde to facilitate understanding and does not
imply endorsement of such items by the Bureau of Mines.
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of spectro-grade cyclohexane, and the lower phase was a phosphate bufier made
from difierent proportions of 0.5M Na;PQO, and 0.5M Na,HPO, to vary the pH
firom 9.94 to 11.86. A particular value was chosen because of the suspected
presence of certain phenols and their known partition coefficients. fter the
completion of each fractionation, 8 mlof 1 to 1 hydrochloric acid was added to
the tube to neutralize the buifer and mixed well to dissolve the paenols in the
cyclohexane.

Ultraviolet spectra were obtained on each cyclohexane solution, and plots
were prepared of total absorbance at two informative wavelengths versus tube
aumbder. A typical curve is shown in the upper half of Figure 2. On the basis of
these plots and the qualitative similarity of the ultraviolet spectra, combinations
of the cyclohexane solutions were made for infrared analysis.

On the basis of the combined qualitative results of the ultraviolet and
infrared spectra, the constituents from each countercurrent distribution frac-
tionation were distinguished and assigned numbers. The distribution curve of
each constituent was readily visualized by following the appearance and dis-
appearance of characteristic absorption bands in the spectra oi consecutive
countercurrent fractions. This was made easier by the fact that the distributions
are essentially Gaussian as well as symmetrical. Distribution peaks observed
in this manner always coincided with peaks in the plot of total absorbance versus
tube number. :

The milligrams of each phenol in each tube were determined from the
absorptivities at characteristic wavelengths, as obtained from authentic speci-
mens or literature data. Where such absorptivities were not available, an
average absorptivity was obtained from phenols with the most similar structure
or, for constituents of unknown structure, from phenols with the most similar
absorption bands and boiling points. Plots of milligrams versus tube number
were prepared (see bottom half of fig. 2).

Nature of Tar Acids

—_

The results of the qualitative and quantitative analytical procedures for
the tar acids are summarized in Table 1. The compounds have been arranged in
this table according to groups involving the same fundamental ring structures.
Approximately 80 individual compounds were identified, mostly with respect to
individual isomers, and the amounts were determined, or estimated, in nearly
all instances.

Five different fundamental ring structures were observed among the tar
acids. These were:

B it

1. Prenol Naphthol and Tetrahydronaphthol
. Incanol and Indenol 5. Fluorenol
3. Phenylphenol

~

In addition, aliphatic carboxylic acids were present in all Soiling ranges, aad
4 indanones were present as impurities in a few fractions. The latter were
apparently capable of functioning as acids in alkaline solutions, probably through
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a keto-enol mechanism. Polyhydric phenols were not presezt in large enough
quantities to detect. As these compounds are quite soluble in the warm discharge
water, they were probably effectively extracted from the tar at the plant.

The individual tar acids identified consisted of these seven fundamental
structures; mostly methyl groups and some ethyl groups were attached. About
3 tar acids had isopropyl groups, and about 10 had n-propyl groups, but no
dhenols with butyl groups or higher could be found. Cyclohexy! groups and
probably also cycloalkenyl groups were present. A small proportion of alkenyl
groups, like propenyl, were likewise present. Alkylphenols with a total of more
thar 6 carbon atoms in alkyl groups were apcarently absent. The most prevalert
class of phenol among the high-boiling tar acids was the naphthols.

Nine individual tar acids were identified; each comprised more than 3
weight-percent of the total tar acids and together comprised nearly one-half of
the total tar acids. All were low-molecular-weight alkylphenols, as follows:
o-, m-, and p-cresol, 2,4-, 2,5-, 3,4-, and 3,5-xylenol, 2,3,5-
rimethylpherol, and 4-ethyl-2-methylphenol.

Complete details of the characterization of the tar acids have been pub-
lished (10, 11, 12, 15, 16, 20).

TAR BASES

Analytical Procedures and Results

About 3 liters of the low-temperature bituminous coal tar distillate were
extracted by the method of Fisher and Eisner (6) to remove tar bases. The tar
bases were purified by treatment with solid pot:;.ssimn hydroxide to pH 12,
extraction with ether, acidification of the ether extract with sulfuric acid, evapo-
ration of the ether.by streaming nitrozen at room temperature, regeneration by
adding solid potassium hydroxide to pH 12, extraction with benzere and drying
the extract by refluxing under nitrogen in a Dean-Stark apparatus. Distillative
removal of the benzene yielded about 40 g dry tar bases, representing about
0.31 weight-percent of the total tar.

A 37.50-g portion of the dry tar bases was fractionated in a Piros-Glover
micro spinning band still, using a reflux ratio of 15 to 1, a kettle temperature of
about 25° to.186°C, and a head pressure of 80 to 3 mm from the beginning to the
end of the run, respectively. Inirared spectra of the tar-base distillate fractions
were obtained with a modeél 21 Perkin-Elmer infrared spectrophotometer and
ultraviolet spectra with the Beckman DK-2 spectrophotometer.

These spectra were compared with those of individuai compounds that
conceivably could be presant in the various fractions on the basis of boiling point.
The compounds found in the distillate iractions are listed in Table 2. The com-
pounds have been arranged according to groups involving the same fundamental
ring structures. Approximately 50 individual compounds were identified, and the
amounts were determined, or estimated, in nearly all instances.
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- Nature of Tar Bases

Eight different fundamental ring structures were observed among the tar
bases. These.were:

1. Pyridine 5. Benzoquinoline
2. Cyclopentenopyridine 6. Aniline

3. Pherylpyridine 7. N-benzylaniline
4. Quinoline 8. Naphthylamine

Two ring structures appeared to be present, although no individual compounds
could be identified; these were tetrahydroquinoline and phenylaniline. A special
effort was made to identify isoquinoline and its alkyl derivatives, but no indication
of their presence was found. These structures covered the boiling range from
initial boiling point to about 355°C. It would appear to be certain that the poly-
cyclic structures also would be present in the distillation residue or ''pitch."

The individual tar bases identified consist of these eight fundamental
structures, with mostly methyl and some ethyl groups attached. One compound
with an isopropyl group was identified, but no alkyl groups with chain lengths
greater than two carbon atoms were observed. Under the conditions of formation
of the tar (500°C), alkyl chains of three or four carbons could conceivably
cyclize to form fused saturated rings, as exemplified by cyclopentenopyridines
and tetrahydroquinolines. The spectra of alkyl derivatives of these compounds
viere not available but 2, 3-cyclopentenopyridine was definitely identified, and
tar-base-distillate fractions 10 to 20 appeared to contain appreciable amounts of
alkyl-5,6,7, 8-tetrahydroquinolines. There was no doubt, from the ultraviolet
spectra of these fractions, that they were rich in some kind of pyridine, that is,
compounds with a pyridine ring but no other unsaturated ring in the molecule.
Yet the boiling range of these fractions was above the boiling points of the known
highly alkylated pyridines. On the other hand, the boiling points of the known
alkyl-5, 6,7, 8-tetrahydroquinolines, which have a pyridine ring but no other aro-
matic ring, covered the boiling range for fractions 10 to 20 quite closely.

Eight individual tar-base compounds were identified; each comprised
more than two weight-percent of the total tar bases and together they comprised
fully one-fourth of the total tar bases. All were quinolines, as follows: 2- and
4-methylquinoline, 2, 4-dimethylquinoline, 2,4,6-, 2,4,7-, 2,4,8; and 2,6, 8-
trimethylquinoline, and benzo[f]quinoline. From this standpoint one can say that
quinolines, especially those alkylated in the 2- and 4-positions, are the com-
pounds that best typify the tar bases from low-temperature bituminous coal tar
and not pyridines, as might have been assumed.

Details of the characterization of the tar bases, including infrared
spectral~structural correlations of quinolines, have been published (4, 13, 17).

NEUTRAL OIL

Anzlyticzl Procedures and Results

The neutfal oil, free of tar acids and bases, was fractionally distilled
into 66 fractions. The silica gel adsorption method based on displacement

chromatograzhic techniques, which have been applied to petroleum distillates (7)
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and shale-oil naphthas (5), was adapted for separating the aromatic hydrocarbons 1
from saturates and unsaturates. Results of the displacement chromatographic

separation are given in Table 3. T

Aromatic Hydrocarbons. Aromatic hydrocarbons in the distillate fractions
boiling up to 275°C were analyzed by gas-liquid chromatography.

Cenerally, two methods were iollowed to identify the aromatic hydrocar- )
tons. The first consisted of (a) preliminary identification of the unknown by
comparing’its retention time with those of known compounds, and (b) final con- |

iirmation of the identity by comparing the infrared spectrum of the collected {
material with that of the authentic specimen. The chromatograms for two dif-
ferent aromatic cuts, shown in Figure 3, illustrate a good separation in (A) and
a complete overlapping of some components in (B), which were subsequently
identified and their ratios estimated by infrared spectrophotometry. Table 4
shows the results of the identifications, the peak numbers in the table corres-
ponding to the peak numbers in Fig. 3.

The second method of identification involved the correlation curves of
relative retention and boiling points, which were applied in those instarnces where
retention times of authentic specimens were not available.

‘The aromatic hydrocarbons found in the low- tempeLature bituminous coal
tar and their quantltles are presented in Table 5.

Analysis of the aromatic hydrocarbons in the distillate fractions boiling
from 275° to 344° is in progress. They are being analyzed by countercurrent
distribution using a dual solvent system of 90 weight-percent ethyl alcohol in
water for the lower phase and isooctane for the upper phase. Two runs were
made on distillate fractions covering the range 275°-282°C, 9 runs on distillate
fractions covering the range 287°-344°C and 1 run on the distillate residue boil-
ing above 344°C. In each run 120 transfers were made. Both ultraviolet and
infrared spectra are presently being obtained on the contents of each of the 120
tubes. Resulis to date show that the polycyclic aromatics are essentially com-
pletely separated from the paraffins and the olefins, and that the aromartics are
separated irom each other to a considerable extent. Among the compounds
identified are phenanthrene, anthracene, dibenzofuran, carbazole, l-methyl~
carbazole, ao-olefins, 8-branched a-olefins, and trans 8 (or higher) olefins. ‘

i
1
P

Considerably more detail on the identification of the aromatic hydrocarbons
has been described in two "earlier publications (1, 2).

C10-Cy; n-Paraffins, Isoparaffins and o-Olefins. The non-aromatic
hydrocarbon concentrates were obtained from the same neutral oil used in the
work on aromatic hydrocarbons. The paraifins and olefins were analyzed by
gas-liguid chromatography.

Identification of individual n-paraffins and a-olefins in the non-aromatic
cuts wzs dased primarily on retention time. Infrared spectra served mostly for <
simply confirming the general chemical types. With the exception of 2-methyl- ‘
decane, authentic specimens of the isoparaffins were not available, so that a
somewhat different approach had to be used. It was observed that when the X
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logarithms of the relative retentions of C;, through C;; n-paraiiins and ¢ -oleiins
were plotted against their respective boiling points, two parallel, slightly curved
lines were obtained. It was assumed that the curve for the 2-methylalkanes
would likewise be parallel to the curves for the n-paraffins and ¢ -olefins, and
would pass through-the one known point for 2-methyldecane. Figure 4 shows the
curves for these three chemical types at 170° and 220°.

The individual n-paraffins, isoparaffins, and @ -olefins found in the neutral
oil, and their amounts, are presented in Table 6.

The quantities of total naphthenes and total trans-olefins were estimated
to be only 2.5 percent and 0.5 percent, respectively, of the neutral oil. The
quantities of total n-paraffins, total isoparaifins and total o -olefins, however,
were determined to be 5. 20 percent, 1.03 percént and 2. 40 percent, 'respectively,
of the reutral oil. Thus, about three-fourths of the saturates and olefins were
made up of the 21 individual compounds that were identified.

Details of this work have been published (3).
PITCH RESINS

Analytical Procedures and Results

The resins from the pitch remaining after the low-temperature bituminous
coal tar was distilled were characterized by ring analysis, infrared and ulira-
violet spectra, and pyrolysis to structural units. Resins from lignite and sub-
bituminous tars were also characterized and are included in this section.

Two different resins were isolated from each pitch: (1) a low molecular
weight resin that was insoluble in petroleum ether (boiling range 100° to 115°)
but soluble in benzene; (2) a medium molecular weight resin that was insoluble in
benzene but soluble in quinoline. The physical properties of these resins are
given in Table 7.

The n-d-M method (8) was used for ring analysis. The method is not
directly applicable to high oxygen content samples such as coal tar resins since °
the substitution of an oxygen atom for a methylene group results in an increase in
the refractive index and, in particular, in the density of 2 hydrocarbon. A modi-
fication of the n-d-M method was devised that made it possible to obtain acceptable
ring analyses of high oxygen content samples (14). A method was also developed
for determining the arrangement of rings in polynuclear compounds using the ring
index (*otal rings per carbon atom, R/C) and the atomic hydrogen to carbon ratio
(H/C) (9). Seven different series of aromatic ring arrangements were presented
ranging from entirely linear structures like phenanthrene, picene, etc., (Series I)
to highly globular structures like coronene (Series VII). Data on the number and
arrangement of rings in the two low-temperature bituminous resins are given in
Table 8. ‘

The resins have four or five aromatic rings and two to six oxygen atoms
per molecule. In addition, the lower molecular weight resin apparently has a
linear arrangement of rings with one or two saturated rings, while the higher
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molecular weight resin has a globular arrangement of rings with five to seven
saturated rings. Substituents such as methyl groups, are apparently present, in
particular on the lower molecular weight resin.

The infrared and ultraviolet spectra of the resins indicate the following
general structure for all of the resins, some features being considerably better
established than others. The resins are basically aromatic compounds with
mostly isolated single aromatic rings and some clusters of two fused aromatic
rings. Saturated rings, possibly including ether groups, probably complete the
hydrocarbo.n skeleton. The major substituents are phenclic hydroxyl groups and,
in particular, methyl groups. Most aromatic rings have at least two substituents;
these are mostly either methyl groups or fused saturated rings or both. Alkyl
substitution is greater for the lower molecular weight resins. Carbonyl groups
are present; these are conjugated with either aromatic rings or olefinic groups
or both. The hydroxyl groups and carbonyl groups are not on adjacent carbon
atoms in at least the great majority of instances, and the carbonyl group is
probably not present in a quinone unit. .

Insofar as comparisons can be made, these observations are in complete
agreement with structural features determined by ring analysis and molecular
formula. :

Structure determination of the resins was also made by combined pyrolysis
and gas-liquid chromatography. The pyrolysis apparatus consisted of a small
coil made from a 25.5-in. length of 28-gauge nichrome wire suspended in a
stainless-steel chamber connected directly to a gas-liquid chromatographic unit
by a short length of 1/8-in. stainless-steel tubing. The chamber, the connecting
tubing, and a longer preheating section of tubing were all electrically heated to
approximately the same temperature, which was a few degrees below the GLC
column temperature. Helium carrier gas passed through the preheat section and
the pyrolysis chamber into the column.

The GLC column consisted of a 20-ft length of 1/4-in. copper tubing filled
with 75 g packing made from 25 percent Apiezon L grease on 30 to 60 mesh fire-
brick. A column temperature of 220°C was used so that relatively high-boiling
products, such as phenols and naphthalenes, would be readily detected if present.
Gas-liquid chromatographic fractions were collected for infrared spectra.

The semi-solid fraction of the benzene soluble, petroleum ether insoluble
resins from a West Virginia bituminous coal tar pitch and a Nugget, Wyoming,
subbituminous pitch were pyrolyzed under identical conditions. The resins were
pyrolyzed at 528°C irn a chamber preheated to 175°C using a sealed glass tube
technique. The procedure consisted of placing about 25 mg of the finely divided
resin in a glass capillary tube that was then evacuated, sealed, and inserted in the
coil. With this size sample and a setting of about 22.5 volts, the tube shattered at
8.4 seconds. The volatile pyrolysis products were swept immediately and
directly into the GLC column by the stream of helium.

The chromatograms obtained with the subbitumirous and bituminocus resins
are shown in Figures 5 and 6, respectively. The relative retentions of the
pyrolysis products producing the peaks are compared with the relative retentions
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oi pure compounds in Tables 9 and 10. The relative amounts of pyrolysis products
from the two different resins are compared in Table 11. Three compounds were
found in the pyrolysis products of the bituminous pitch that were not present for
the subbituminous resin. These were Z-methylpentane, 2,3, 3-trimethylpentane,
azd 2,2, 3, 4-tetramethylpentane. On the other hand, the infrared absorption bands
characteristic of different types of olefins, which were readily observed for the
pyrolysis products of the subbituminous resin, were absent in the spectra of the
oyrolysis products of the bituminous resin.

It can be seen from Table 11 that the proportion of branched paraffins to
benzene is considerably less for the pyrolysis products of the bituminous resin
than for the subbituminous resin. Also, the proportion of dimethylbenzene is less
for the bitumincus resin than for the subbituminous resin. These results indicate
a lower proportion of saturated, fused multi-ring systems with quaternary carbons
f{or the bituminous resin than for the subbiturminous resin. The reason ior the
apparently complete absence of olefins in the pyrolysis products of the bituminous
resin is not known. ‘

A resin molecule containing as part of its structure a unit like 5, 6, 6a, 7,
8, 12b-hexahydro-6, 7-dimethylbenzo[c]phenanthrene could conceivably split up
(with, of course, transfer of hydrogen from other structural units) to form
2,3, 4-trimethylpentane, as shown in Figure 7. Only those methyl groups required
ior the formation of 2, 3, 4~trimethylpentane are shown; additional methyl groups
would be present, as determined in previous work. One of the benzene rings in
this unit could be released as such, or both benzene rings could be incorporated
in the formation of the pyrolysis residue or char. The fact that the resins are
rich in oxygen (10 to 15 weight-percent) whereas no oxygen-containing organic
compounds could be identified in the volatile pyrolysis products would indicate
that the oxygen-containing units in the resin (primarily benzene rings with phe~
nolic hydroxyl groups) are involved in char formation. Under these circumstances
there would be a greater proportion of aliphatic compounds than aromatic com-~
pounds in the volatile products, such as was actually observed.

Although the pyrolysis results might appear unusual or unexpected, never-
theless the general structure of the resins indicated by these results is the same
as that indicated by ring analysis (including ring arrangement), infrared spectra,
and ultraviolet spectra.
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TABLE 1. - Summary of tar acids identified in a low-temperature biturmninous coal tar and their amounts

Alkenylphenol I .. .... R

Distillable tar acids Weight- Distillable tar acids Weight,
percent _percent
Phenol .. ... s et e r e et et 2.3 2-Cyclohexylphenol . ........... 0.20
o-Cresol C et s e et e 5.6 2-Alkylcycloalkylphenol I . ... ...« 0.02
m~Creeol ... ..... e 7.2 2-Alkylcycloalkylphenol II .. ..... 0.01
p-Cresol ........ e 4.9 Cycloalkenylphenol 1(?)% .. ...... 0.005
o-Ethylphenol . ..., e 1.5 Cycloalkenylphenol II{?) . ... .... 0.04
m-Ethylphenol .. ....c0c0vavse. 2.5 4-Indanol . . . v .t i et e e 0.53
p-Ethylphenol ... ...ttt eecuenees 2.5 5-Indanol 0.49
2.3-Xylenol . .... B - 1-Methyl-5-indanol {?) ... ....... 0.36
2,4~Xylenol . .... e 9.1 3-Methyl-4-indanol (?} ... ....... 0.09
2,5-Xylenol ...... e e 3.7 4-Methyl-1-indanone {(?}) . . .. ..... 0.15
2,6-Xylenol ...... e e 1.4 6-Methyl-l-indanone {?)} . ... ..... 0.01
3,4-Xylenol . ..... c e e 3.7 Alkyl indanone .. . ... .. .0 a0 0,03
3,5-Xylenol . ....... e 5.9 6-Methyl-5-indanol (?} ... ... ..... 0.005
2,3,5-Trimethylphenol . . .« v v 0 v v v 3.3 7-Methyl-5-indanol . ........... 0.1
2,3,6-Trimethylphenol . « v v . oo vus 0.0l 4-Indenol . ................ .. 0.03
2,4, 6-Trimethylphenol . « .« o v v 0w 1. 4 S-Indenol .. .......... ¢ 00o.... 0.27
3,4.5~Trimethylphenol . . . ... ..... 0.13 1-, 2-, or 3-Methyl-4-indenol . . . . . 0. 14
3-Ethyl.-2-methylphenol ......... . 0.01 Methyl indenol. . . . . . ... .. ..... Q.08
3-Ethyl<4-methylphenol .......... 0.01 I-, 2-, or 3-Polyalkyl-4-indenol . . . 0.13
3-Ethyl-5-methylphenol .......... 2.1 3, 4-Dinuclearphenol. . . . . .. .. ... 0.06
4-Ethyl-2-methylphenol .......... 4.5 5,6,7,8-Tetrahydro=-l-naphthol . ... 0.02
5-Ethyl-2-methylphenol . ......... .01 5,6,7,8-Tetrahydro-2-naphthol . .. . 0.02
2-n-Propylphenol. . . ... ...... . e 0.0l 2-Phenylphenol 0.08
3-n-Propylphenol. . .. ....... PRI 0.01 3-Phenylphenol 0.03
4-n-Propylphenol. ... .... e . 0.13 4-Phenylphenol 0.37
4-Isopropylphenol . .. .. ......... 0.01 I-Naphthol . . . . 0.20
2.3,5,6-Tetramethylphenol . . . . . ... . 0.04 2-Naphthol . . .« v vv v vt v e n 1.54
3-Methyl~5-n-propylphenol {(?). ... .. 0.29 1-Methyl~2-naphthol. . . . ... ..... 0.02
2-Methyl-5-isopropylphenol. . . . . . . .. 0.01 3-Methyl~2-naphthol (?} . ... ..... 0.008
2-Ethyl-6-n-propylphenol {?)....... 0.26 4-Methyl~l-naphthol. . . .. .. ..... 0. 04
3-Ethyl-4-n-propylphenol {?}....... 0.12 4-Methyl«2-paphthol (?} .. .. ..... 0.11
4-Ethyl-3-n-propylphenol (?}. .. .... 0.24 6-Methyl-2-naphthol (?) .. ....... 0.0l
4-Isopropyl-3-n-propylphenol (?} .. .. 0. 14 7-Methyl-2-naphthol (?} . ... ..... 0.05°
2, 4-Di-n-propylphenol {?). .. . ..... 0.13 8-Methyl-2-naphthol (?) . . ....... 0.02
2,4- or 3,4-Dialkylphenol (?}...... 0.02 2-Ethyl-l-naphthol {?) ... ....... "0.85
3-Methyl-2-propen-1-ylphenol (?).. .. 0.003 2,5- or 2,7-Dimethyl-1-naphthol (?). 0.008
Alkenylphenol I................ 0. 005 2, 6-Dimethyl-l-naphthol (?) .. ... . 0.008
" Alkenylphenol II ............... 0.001 5,7-Dimethyl-1-naphthol (?) ... ... 0.05
0.03 Methyl-2,3-, or 4-fluorenol ... ... 0.06

1 The distillable tar acids constitute 3. 62 weight-percent of the tar.
2 (?) indicates uncertainty as to wiiich isomer is present.
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TABLE 4. ~ Identification of components producing elution peaks in the
GLC of two aromatic cuts from distillate fractions 10 + 11

and 26
Relative Relative retention of
Peak | retention Compound identified authentic specimen
No. at 220° by I.R. at 220°
1 1.98 Not identified --
2 2.08 2-Methylnaphthalene 2.10
3 2.29 1-Methylnaphthalene 2.28
% 2. 47 Diphenyl ether 2. 47
5 2.56 Biphenyl 2. 60
) 2.91 !  2-Ethylnaphthalene . 2.93
\ ! 72, 7-Dimethyinaphthalene ; 3.13
7 3-18 % 5 §-Dimethylnaphthalene | 3. 17
8 3.30 _1,7-Dimethylnaphthalene | 3.29
9 3. 46 { 1, 3-Dimethylnaphthalene i 3.43
: .1, 6-Dimethylnaphthalene 3.43
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TABLE 5. - Analysis of individual aromatic hydrocarbons boiling up

to 280° in neutral oil distillate fractions

157.

See footnote at end of table.

Wt pct
. Total wt, | in
Compounds identified Method of identification g neutral
: oil?

Methylbenzene. . .. ... wesaeeses|Rel. retention 1 Trace
Ethylbenzene. .. .. ... v eeoussa..]Rel. retention 2 Trace
1,3- and 1, 4-Dimethylbenzene . . . . . | Rel. retention 9 Trace
1,2-Dimethylbenzene . ..........| Rel. retention 20 Trace
Isopropylbenzene . . .. ..........| Rel. retention 79 Trace
n-Propylbenzene ..............| Rel. retention, I.R. 250 0.002
l1-Methyl-3-ethylbenzene. .. .. ... . | Rel. retention, LR. 0.010 0.001
l-Methyl-4-ethylbenzene. .. .. .. .. [ Rel. retention, IL.R. 0.0098 | 0.001
1-Methyl-2-ethylbenzene. .. ... ... | Rel. retention, I.R. 0.0075 | 0.001
1,2,3-Trimethylbenzene . .. ... ... | Rel. retention, I.R. 0.3105 | 0. 045
1,2,4-Trimethylbenzene . .. .. .. .. | Rel. retention, I.R. 0.2695 | 0.039
1,3, 5-Trimethylbenzene . .. .. . +.«. | Rel. retention, LR. 0.1184 § 0.017
1-Methyl-4-isopropylbenzene ... ... | Rel. retention, I.R. 0.0596 { 0. 009
1-Methyl-3-isopropylbenzene .. .. .. | Rel. retention, I.R. 0.0511 { 0. 007
1-Methyl-2-isopropylbenzene. . ... . | Rel. retention, I.R. 0.0164 | 0.002
1,2-Diethylbenzene ...... «++.+..|Rel. retention, L.R. 0.0857 | 0.012
1,3-Diethylbenzene .. ..... .+ ... | Rel. retention, L R. 0.1009 | 0.015
1, 4-Diethylbenzene .......... . . | Rel. retention : 0.0062 | 0.001
1, 2-Dimethyl-4-ethylbenzene. ... .. Rel. retention-bp correlation, I.R. 1.8139 | 0. 260
1,4-Dimethyl-2-ethylbenzene. . .. . . | Rel. retention-bp correlation, LR. 0.7698 | 0. 110
1,3-Dimethyl-5-ethylbenzene . ... . . | Rel. retention, I R. 1.0872 | 0. 156
1, 2-Dimethyl-3-ethylbenzene . ... .. Rel. retention-bp correlation, LR. 0.5938 | 0.085
1-Methyl-3-n-propylbenzene ..... .| Rel. retention, I.R. : 0.3180 | 0.046
1-Methyl-2-n-propylbenzene .. ... .| Rel. retention, I.R. 0.0753 | 0.011
1,2, 4,5-Tetramethylbenzene . . . . . . | Rel. retention, L R. 1. 1066 | 0. 159
1,2,3,5-Tetramethylbenzene ... ... Rel. retention, I.R. 1.7690 § 0. 253
1,2,3,4-Tetramethylbenzene . ... .. | Rel. retention-bp correlation, I.R. 1.°0681 | 0. 153
Indene . ......veveecuses....|Rel. retention, I.R. 0.2331 { 0.033

3-Methylindene . ......... c.oe.. | LR, 0.7141 ] 0. 102 .
Indan..... “etesvesacasesesa.| Rel. retention, I.R. 0.3945 | 0.057
1-Methylindan . . . . . v .. .. ......| Rel. retention-bp correlation, I.R. 1.1265 | 0. 161
5-Methylindan . . . ... .......... | Rel. retention-bp correlation, I R. 1.7566 | 0.251
4-Methylindan . . . ... .... v+ +e.+.| Rel. retention-bp correlation, I.R. 1,7389 | 0.249
1,3-Dimethyl-2-n-propylbenzene , . . | Rel. retention-bp correlation 0.0173 | 0.003
1, 2-Dimethyl-3-n-propylbenzene . . . | Rel. retention-bp correlation, 0.2976 | 0.042

) I.R. -structural correlation
1, 4-Dimethyl-2-n-propylbenzene ... | Rel. retention-bp correlation, 0.5974 | 0.084
. I.R. -structural correlation
1, 4-Dimethyl-2-isopropylbenzene. . . | Rel. retention-bp correlation 0.1151 ] 0.017
-1-Methyl-3, 5-diethylbenzene .. . . . . { Rel. reteantion, IL.R. 0.2393 | 0.034
1-Methyl-2, 4~diethylbenzene . ... . . | Rel. retention-bp correlation, L R.- 0.9873 | 0. 141
structural correlation ’ .

Styrene ...... P R - 0.0332 | 0.005
4-Methylstyrene ..............|LR. 0. 0225 | 0.003
B-Methylstyrene (trans} ... ......|Rel. reteation, I.R. 0.1396 | 0.020
3-Phenyl-l-butene . . . ..........|LR. 0.1163 | 0.017
1,2,3,4-Tetrahydronaphthalene ... . | Rel. retention, LR. 0.6170 | 0.088
Naphthalene ........c...0s0...}LR. 6.3853 | 0.914
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TABLE 5. - Anaiysis of individual aromatic hydrocarbons boiling up

to 280° in neutral oil distillate fractions - Continued

Wt pet
Total wt,| in
Compounds identified Method of identification g aeutral
oilt
Benzofuran . .. .. ... s+ 054000+ | Rel. retention, L R. 0.0991 0.014
S-Methylbenzofuran
6-Methylbensofuran | 7 cc o | LR 0. 1432 0. 021
2-Methylbenzofuran
3-Methylbenzofuran tesesene- LR 0. 1681 0.024
7-Methylbenzofuran . ....+......]LR. 0.0785 0.011
1,6-Dimethylindan . . . .. .......- | Rel. retention-bp correlation, LR. 2.3746 0. 340
4, 7-Dimethylindan . .. .. ........ | Rel. retention-bp correlation, LR. 1.3034 0. 186
3-Ethylindene . .........+.....]|Rel. retention, IL.R. 1.3126 0. 188
2-Ethylindene . ............«..|Rel. retention. L.R. 1.3032 0. 186
2,3-Dimethylindene .. ..........]|Rel. retention, LR. 1.7762 0. 254
2-Methyl-1,2,3, 4-t.etrabyd.ro
naphthalene . ........v.....]LR. 1. 0426 0. 149
6-Methyl-1, 2,3, 4-tetrahydro-
naphthalene . .........0..+.!LR. 0. 4958 0.071
l-Methylnaphthalene.. .. ...... .. Rel. retention, L R. 12.0615 1.728
2-Methylnaphthalene. ... ....... .| Rel. reteation, LR. 16. 1630 2.315
1-Ethylnaphthalene . . . . . ... .. . . .} Rel. retention, LR. 1.9777 0. 283
2-Ethylnaphthalene. ... ... ...... ! Rel. retention, LR. 3.1184 0. 436
2,7-Dimethylnaphthalene . . . .. ... . Rel. retention, I R. 4.8187 0. 690
1, 7-Dimethylnaphthalene. . . . . .. . - { Rel. retention, L R. 4.7915 0. 686
2, 6-Dimethylnaphthalene. . . . ... .. Rel. retention, L. R. 4. 1664 0.596
1. 6-Dimethylnaphthalene. . . . . ... . Rel. retention, L R. 6. 4648 0.926
1, 3-Dimethylnaphthalene. . . . . ..+ .| Rel. retention, I.R. 6.5617 0.940
2,3-Dimethylnaphthalene. ... ... .. | Rel. retention, LR. 3.8247 0. 547
1, 5-Dimethylnaphthalene. . .. ... . .| Rel. retention, L R. 3.6861 ' 0.528
1, 2-Dimethylnaphthalene. . . . . . . . . | Rel. retention, LR. 3.5632 0.510
1, 4-Dimethylnaphthalene. . . . . . . . . | Rel. retention-bp correlation, L R. 0.0979 0.014
Z-Me:hyl-(:-ethylnaphtha.lene} Rel. retention-bp correlation, U.V. 3.9029 0. 559
2-Methyl-7-ethylnaphthalene """ " | and I. R. -structural correlations
1-Methyl-7-ethylnaphthalene ) Rel. retention~bp correlation,
and/or es..fU. V. and LR. - 3.2925 0. 471
1-Methyl-6-ethylnaphthalene structural correlations
1,3,6-Trimethylnaphthalene ......| Rel. retention-bp correlation, U.V. 0.7338 0.105
1,3, 7-Trimethylnaphthalene ...... | Rel. retention, LR. 0.452 0. 064
i: ::g‘z:uu::::;':iﬂ;&:l::} . ++ s | Rel. retention-hp correlation, U.V. 0.8751 ~-
Biphenyl....................]Rel. retention, LR. 18,8235 2. 696
4-Methylbiphenyl . . . . .. ........|Rel. retention, I.R. 0.7271 0.104
3-Methylbiphenyl . te<seesvee. | Rel. retention, LR. 1.2431 0.178
Cyclohexyl benzene eeseaesssee.|Rel. retention, I.R. 0. 2769 0. 039
2a,3,4,5- Tetrahydroacenaphthene . . | Rel. retention, LR. 1.1713 0. 167
Acenaphthylene ... ............ ! Rel. retention, I.R. 0.6963 0. 099
fcenaphthene ................|Rel. retention, LR. 2.336 -~
Diphenyl ether ...............|Rel. retention, L R. 38.5897 5. 528
2, 3-Dimethylbenzofuran . ........ | LR.-structural correlation 0.1778 0. 025
Dimethylbenzofuran I .. ........|LR.-structural correlation 1.7848 0. 255
Dimethylbenzofuran X . ... .. ... .| IR, -structural correlation 0.6451 0. 092
Dibenzofuran.................|Rel. retention, LR. 1.4718 -

! Total neutral oil distil